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1 Bits and Registers

$Id: chapter.tex,v 1.1 2006/05/29 19:52:57 gustav Exp $

1.1 Physical embodiments of a bit

Information technology devices, such as desktop computers, laptops, palmtops,
cellular phones, DVD players and many others have pervaded our every day life to
such extent that it is difficult to find a person who would not have at least some
idea about what bits and bytes are. I shall assume therefore that the reader knows
about both, enough to understand that a bit is the “smallest indivisible chunk of
information” and that a byte is a string of eight bits.

Yet the concept of a bit as the “smallest indivisible chunk of information” is a
somewhat stifling convention. It is possible to dose information in any quantity,
not necessarily in discrete chunks, and this is how many analogue devices, including
analogue computers, work. What more, it takes a considerable amount of signal
processing, and consequently also power and time, to maintain a nice rectangular
shape of pulses representing bits in digital circuits. Electronic circuits that can
handle information directly, without chopping it to bits and arranging it into bytes,
can be orders of magnitude faster and more energy efficient than digital circuits.

How are bits and bytes actually stored, moved and processed inside digital de-
vices? There are many ways to do this. Figure [[.Tlshows a logic diagram of one of
the simplest memory cells, a flip-flop.

R —-Q

Figure 1.1: A very simple flip-flop comprising two cross-coupled NAND gates.

The flip-flop in the figure comprises two cross-coupled NAND gates. It is easy to
analyze the behavior of the circuit. Suppose R is set to 0 and S is set to 1. If R
is 0 then regardless of what the second input to the NAND gate at the bottom is,
its output must be 1. Therefore the second input to the NAND gate at the top is
1 and so its output ) must be 0. Because the roles of R and S in the device are

bits and bytes

discretization of
information is a
convention

storing and
manipulating
bits

a flip-flop can
be used to
implement a
1-bit memory
cell
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completely symmetric, this result implies that if R is set to 1 and S to 0 we’ll get
that @ = 1 and —~Q = 0. Table [[.T] sums up these simple results.

R S|1Q -Q
0 11]0 1
1 0|1 0

Table 1.1: @ and —=Q as functions of R and S for the flip-flop of Figure [Tl

Observe that once the value of @) has been set to either 0 or 1, setting both R
and S to 1 retains the pre-set value of ). This is easy to see. Suppose @) has been
set to 1. Therefore =@ is 0 and so one of the inputs to the upper NAND gate is
0, which implies that its output must be 1 indeed. In order for =@ to be 0, both
inputs to the lower NAND gate must be 1, and so they are because R = 1.

Now suppose that @ has been pre-set to 0 instead. Hence the second input to
the lower NAND gate is 0 and therefore the output of the gate, =@ is 1, which is
exactly what is required in order for Q) to be 1, on account of =@ being the second
input to the upper NAND gate.

And so our flip-flop behaves like a simple memory device. By operating on its
inputs we can set its output to either 0 or 1 and then by setting both inputs to 1
we can make it remember the pre-set state.

what is inside It is instructive to have a closer look at what happens inside the NAND gates when
the NAND gate  the device remembers its pre-set state. How is this remembering accomplished?

+5V

2kQ 2kQ
B ~(AAB)

A

Figure 1.2: A diode-transistor-logic implementation of a NAND gate.

Figure[[2Ishows a simple diode-transistor logic (DTL) implementation of a NAND
gate. Each of the diodes on the two input lines A and B conducts when 0 is applied
to its corresponding input. The diodes disconnect when 1 is applied to their inputs.
The single transistor in the circuit is an n-channel transistor. This means that the
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channel of the transistor conducts when a positive charge, logical 1, is applied to
the gate. Otherwise the channel blocks. Let us consider what is going to happen
if any of the two inputs is set to 0. In this case the corresponding diode conducts
and the positive charge drains from the gate of the transistor. Consequently its
channel blocks and the output of the circuit ends up being 1. On the other hand
if both inputs are set to 1, both diodes block. In this case positive charge flows
towards the gate of the transistor and accumulates there and the transistor channel
conducts. This sets the potential on the output line to 0. The resulting truth table
of the device is shown in table This is indeed the table of a NAND gate.

A B -(AADB)

= =0 O

= o = O
O ==

Table 1.2: The truth table of the DTL NAND gate shown in figure

The important thing to observe in the context of our considerations is that it is
the presence or the absence of the charge on the transistor gate that determines
the value of the output line. If there is no accumulation of positive charge on the
gate, the output line is set to 0, if there is a sufficient positive charge on the gate,
the output line is set to 1.

Returning to our flip-flop example, we can now see that the physical embodiment
of the bit, which the flip-flop “remembers”, is the electric charge stored on the gate
of the transistor located in the upper NAND gate of the flip-flop circuit. If there
is an accumulation of positive charge on the transistor’s gate, the @ line of the
flip-flop becomes 0 and if the charge has drained from the gate, the @ line becomes
1. The @ line itself merely provides us with the means of reading the bit.

We could replace the flip-flop simply with a box and a pebble. An empty box
would correspond to a drained transistor gate, and this we could then read as 1,
and if we find a pebble in the box, we would read this as 0. The box and the pebble
would work very much like the flip-flop in this context.

It is convenient to reverse the convention and read a pebble in the box as 1 and
its absence as 0. We could do the same, of course, with the flip-flop, simply by
renaming () to =@ and vice versa.

the charge
stored on the
gate of a
transistor
represents the
bit



the two states of
a transistor are
connected by a
continuous
transition

the two states of
a pebble in a box
are connected by
a continuous
transition too
many-valued
logic

quantum logic
as an
infinitely-valued
logic

a register

a 3-bit modulo-7
counter

4 Chapter 1

Seemingly we have performed an act of conceptual digitization in discussing and
then translating the physics of the flip-flop and of the DTL NAND gate to the box
and the pebble picture.

A transistor is really an analog amplifier and it is possible to apply any potential
to its gate, which yields a range of continuous values to its channel’s resistance.
In order for the transistor to behave like a switch, and for the circuit presented
in figure [[L2 to behave like a NAND gate, we must condition its input and output
voltages: these are usually restricted to {0V,+5V} and switched very rapidly
between the two values. Additionally parts of the circuit may be biased at —5V
in order to provide adequate polarization. Even then, when looked at with an
oscilloscope, pulses representing bits do not have sharp edges. Rather there are
transients there and these must be analyzed rigorously at the circuit design stage
in order to eliminate unexpected faulty behavior.

On the other hand, the presence or the absence of the pebble in the box appar-
ently represents two very distinct separate states. There are no transients here.
The pebble either is or is not in the box. Tertium non datur.

Yet, observe that even this is a convention, because, for example, we could place
the pebble in such a way that only a half of it would be in the box, and the other
half would be outside. How should we account for this situation?

In binary, digital logic we ignore such states. But there are other types of logic,
which allow for the pebble to be half-way or a third or any other portion of it within
the box. Such logic systems fall under the category of many-valued logics [22], some
of which are even infinitely-valued. An example of an infinitely-valued logic is the
popular fuzzy logic [38] commonly used in robotics, data bases, image processing
and expert systems.

When we get to look at quantum logic more closely these considerations will
acquire a new deeper meaning, which will eventually lead to the notion of super-
position of quantum states. Quantum logic is one of these systems, where a pebble
can be half way in one box and half way in another one. And the boxes don’t even
have to be adjacent, sic!

1.2 Registers

A row of flip-flops connected with each other in various ways constitutes a register.
Depending on how the flip-flops are connected the register may be used just as a
store, or it can be used to perform some arithmetic operations.

Figure [[.3] shows a simple three-bit modulo-7 counter implemented with three
JK flip-flops. A JK flip-flop is a more complex device than the one shown in
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A B C
J QR |/ Qr |/ Q@
clock T T -
K Q K Q K Q
clear [ [ l
ABC l

Figure 1.3: A modulo-7 counter made of three JK flip-flops.

figure [Tl but all that the reader needs to know in order to understand how the
counter works are the following two rules:

1. The state Q of the JK flip-flop toggles on the trailing edge of the clock pulse
T, i.e., when the state of the input 7' changes from 1 to 0;

2. Applying 0 to clear resets @ to 0.

Assume that the whole counter starts in the {C' = 0, B = 0, A = 0} state. On the
first application of the pulse to the clock input, A toggles to 1 on the trailing edge of
the pulse and stays there. The state of the register becomes {C' =0, B =0, A = 1}.
On the second application of the clock pulse A toggles back to 0, but this change
now toggles B to 1 and so the state of the register becomes {C' =0,B =1, A = 0}.
On the next trailing edge of the clock pulse A toggles to 1 and the state of the
register is now {C = 0,B = 1,A = 1}. When A toggles back to 0 on the next
application of the clock pulse, this triggers the change in B from 1 to 0, but this
in turn toggles C' and so the state of the register becomes {C'=1,B = 0, A = 0},
and so on. Dropping C' =, B = and A = from our notation describing the state of
the register we can see the following progression:

{000} — {001} — {010} — {011} — {100} — ...

We can interpret the strings enclosed in curly brackets as binary numbers and upon
having converted them to decimal notation we obtain

0—-1—-2—-3—4—...

the states of the
register
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The device counts clock pulses. It does so by remembering the previous value and
then adding 1 to it on detecting the trailing edge of the clock pulse. When A, B,
and C all become 1 at the same time, the NAND gate at the bottom of the circuit
applies clear to all three flip-flops and so A, B, and C get reset to 0. This happens
so fast that the counter does not stay in the {111} configuration for an appreciable
amount of time. It counts from 0 through 6 transitioning through seven distinct
stable states in the process.

At first glance we may think that the counter jumps between the discrete states.
A closer observation of the transitions with an oscilloscope shows that the counter
glides between the states through a continuum of various configurations, which can-
not be interpreted in terms of digital logic. But the configurations in the continuum
are unstable and the gliding takes very little time, so that the notion of the jumps
is a good approximatiorL.

By now we know already that a possible physical embodiment of a bit is an
accumulation of electric charge on the gate of a transistor inside a flip-flop. And
we can also think about the presence or the absence of the charge on the gate in
the same way we think about the presence or absence of a pebble in a box. And
so, instead of working with a row of flip-flops we can work with a row of boxes and
pebbles and such a system is also a register, albeit a much slower one and more
difficult to manipulate too.

The following figure shows an example of a box and a pebble register that
displays some features that are reminiscent of quantum physics.

The register contains 3 boxes, which are stacked vertically. Their position
corresponds to the energy of a pebble that may be placed in a box. The higher
the location of the box, the higher the energy of the pebble. The pebbles that
are used in the register have a peculiar property. When two pebbles meet in
a single box, they annihilate and the energy released in the process creates a
higher energy pebble in the box above. Of course, if there is already a pebble

LAn alert reader will perhaps notice that what we call a jump in our every day life is also a
gliding transition that takes a jumper, e.g., a cat, through a continuum of unstable configurations
that may end eventually with the cat sitting stably on top of a table.
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there, the newly created pebble and the previously inserted pebble annihilate
too and an even higher energy pebble is created in the next box up.

Let us observe what is going to happen if we keep adding pebbles to the
box at the bottom of the stack. When we place the first pebble there, the
system looks as follows:

Now we add another pebble to the box at the bottom. The two pebbles
annihilate and a new higher energy pebble is created in the middle box:

— BANG! —

When we add a pebble again to the box at the bottom, nothing much
happens, because there is no other pebble in it, and so the state of the register

becomes:

But fireworks fly again, when we add a pebble to the box at the bottom

this time:
— BANG! — EH BANG! —

The first bang occurs because there are two pebbles in the box at the
bottom of the stack. The pebbles annihilate and the energy released creates a
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higher energy pebble in the middle box. But there is already a pebble there,
so the two annihilate in the second bang, and a pebble of even higher energy
is now created in the top box.

In summary the register has transitioned through the following stable
states:

This register, as you see, is also a counter. Eventually we’ll end up having
pebbles in all three boxes. Adding a yet another pebble to the box at the
bottom will release a chain reaction, which will clear all boxes and eject a very
high energy pebble from the register altogether - this, therefore, is a modulo-7
counter.

The reason why this register is reminiscent of some quantum systems is
because, first, its successive states are truly separate, without any in-betweens,
i.e., pebbles don’t move between boxes. Instead they simply vanish from a
box, and if the energy released in the process is high enough, a new pebble
emerges from nothingness in a higher energy box. This model bears some
resemblance to quantum field theory, where particle states can be acted on
by annihilation and creation operators. We will see similar formalism applied
in the discussion of the Feynman quantum computer.

The second reason is that here we have a feature that resembles the Pauli
exclusion principle, which states that no two fermions can coexist in the same

state.

1.3 Fluctuating registers

The stable states of the register we have seen in the previous sections were all very
well defined. For example the counter would go through the sequence of seven stable
configurations:

{000} — {001} — {010} — {011} — {100} — {101} — {110}

Once a register would glide into one of these it would stay there, the values of its bits
unchanging, until the next clock pulse would shift it to the next state. In general
a 3-bit register can store numbers from 0 ({000}) through 7 ({111}) inclusive. Let
us then focus on such a 3-bit register. It does not have to be a counter this time.
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Suppose also that the register is afflicted by the following malady®. When set
by some electronic procedure, let us say that there are some toggle switches to do
this on the side of the package, to hold a binary number {101} its bits start to
fluctuate randomly so that the register spends only 72% of the time in the {101}
configuration, and 28% of the time in every other configuration, flickering at random
between them. Suppose that the same happens when the register is set to hold
other numbers, {000}, {001},..., {111} as well, i.e., the register ends up flickering
between all possible configurations at random, but visits its set configuration 72%
of the time. At first glance a register like this seems rather useless, but we could
employ its fluctuations for example in Monte Carlo codes.

Now assume that after the register has been set, we cover its toggles with a
masking tape and we are not allowed to ascertain or even describe the state of the
register simply by looking at the toggles. Instead we have to resort to other means.
The point of this exercise is not to torture the reader with needless equilibristics.
Rather our aim is to prepare the reader for description of similar systems, which
do not have any toggles at all.

The register exists in one of eight stable states associated with the setting of the
toggles. Each state manifests by visiting a certain configuration more often than
other configurations. However, this time we can no longer associate the state with
the configuration as closely as we have done for the register that was not subject
to random fluctuations. The state is now something more abstract, something that
we can no longer associate with a simple single observation of the register. Instead
we have to look at the register for a long time in order to identify its preferred
configuration, and thus its state.

Let us introduce the following notation for these states of the fluctuating register:

Py is the state that fluctuates around {000}
p; is the state that fluctuates around {001}
ps is the state that fluctuates around {010}
ps is the state that fluctuates around {011}
p; is the state that fluctuates around {100}
ps is the state that fluctuates around {101}
pg is the state that fluctuates around {110}
p- is the state that fluctuates around {111}

2The malady may have been designed into the register on purpose.

States of the
fluctuating
register
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Although we have named the states p; through p=, we cannot at this early stage say
what these objects really are. In order to endow the states of the fluctuating register
with a mathematical structure we have to figure out how they can be measured and
manipulated.

So, how can we ascertain which one of the eight states defined above the register
is in, if we are not allowed to peek at the setting of its switches?

In order to do this we must observe the register for a long time writing down
its observed configurations perhaps at random time intervald®. If the register is
in the ps state, approximately 72% of the observations should return the {101}
configuration with other results evenly spread over other configurations. Assuming
we have made ns measurements of the register in total, n%5 observations would
show the register in the {000} configuration, n's observations would show it in the
{001} configuration, and so on for every other configuration, ending with n”s5 for
the {111} configuration®. We can now build the following column vector for which
we would expect the following:

TL05/77,5 ~ 0.04
7115/715 ~ 0.04
n?s/ns ~ 0.04
n3s/ns ~ 0.04
n45/n5 ~ 0.04
TL55/TL5 0.72
n65/n5 0.04
ns/ns ~ 0.04

QN

We do not expect n®s/ns = 0.04 exactly, because, after all, the fluctuations of the
register are random, but we do expect that we should get very close to 0.04 if ny is
very large. For n5; — oo the ratios in the column vector above become probabilities.
This lets us identify state pz with the column of probabilities of finding the register

3 An important assumption here is that we can observe the register without affecting its state.

4The superscripts 0 through 7 in n®5 through n”5 and also in p°5 through p7s further down
are not exponents. We do not raise ns (or ps) to the powers of 0 through 7. They are just
indexes, which say that, e.g., n*s is the number of observations made on a register in state D35
that found it in configuration {100} = 4. There is a reason why we want this index to be placed
in the superscript position rather than in the subscript position. This will be explained in more
detail when we get to talk about forms and vectors in section [[.7] on page If we ever need to
exponentiate an object with a superscript index, e.g., p35, we will enclose this object in brackets

to distinguish between a raised index and an exponent, e.g., (p35)2.
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in each of the eight possible configurations:

p5=0.04
p5:0.04
p5:0.04

_ p5=0.04
Ps =1 pt.=0.04
p5:O.72
p5=0.04
p5:0.04

11

It is often convenient to think of the fluctuating register in terms of a statistical A statistical

ensemble.

ensemble of

Suppose that instead of a single fluctuating register we have a very large number registers
of static, non-fluctuating registers, of which 4% are in the {000} configuration,
4% are in the {001} configuration, 4% are in the {010} configuration, 4% are
in the {011} configuration, 4% are in the {100} configuration, 72% are in the
{101} configuration, 4% are in the {110} configuration and 4% are in the {111}
configuration. Now let us put all the registers in a hat, mix them thoroughly,
and draw at random ns registers from the hat. Of these n’s will be in the {000}

configuration, n's in the {001} configuration, ..

., n%5 in the {110} configuration

and n75 in the {111} configuration. If the whole ensemble has been mixed well, we

would expect that

n’s/ns
n15/n5
n’s/ns
n35/n5
ns/ns
n’s/ns
n65/n5

n’s/ns

Q

~
~

~
~

~
~

0.04
0.04
0.04
0.04
0.04
0.72
0.04
0.04

Logically and arithmetically such an ensemble of static registers from which we

sample ny registers is equivalent to a single randomly fluctuating register at which

we look (without disturbing its overall condition) ns times.

The eight states our fluctuating register can be put in can be characterized by Representing

states of the
register by
columns of
probabilities
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the following column vectors of probabilities:

poo =0.72 p01 =0.04 pog =0.04
plo = 0.04 p'y =0.72 plo =0.04
p?0 = 0.04 p?1 = 0.04 p?s =0.72
| pPo=0.04 | pPr=0.04 | pP2=0.04
Po= pto =0.04 b1 = pt1 = 0.04 Pz = ps =0.04
p50 =0.04 p51 =0.04 p52 = 0.04
%0 = 0.04 P51 = 0.04 PS5 = 0.04
P70 = 0.04 p’1 =0.04 7o =0.04
p03 =0 04 p04 = 0.04 p05 =0 04
pls = 0.04 ply =0.04 p's = 0.04
p?s = 0.04 p?4 = 0.04 p?s = 0.04
| pPs=0.72 | pPa=0.04 | pPs=0.04
Ps=1 pty=004 | PIZ| phy=0m2 | P57 p5=004
p°s = 0.04 p°s =0.04 p°s = 0.72
P83 = 0.04 P84 =0.04 PS5 = 0.04
p’3 = 0.04 P74 =0.04 p’s = 0.04
p06 = 0.04 p07 = 0.04
p16 =0.04 p17 =0.04
p?e = 0.04 p?7 = 0.04
| pPs=0.04 | pPr=0.04
Pe = pt.=0.04 Pr=1 pt = 0.04
p°6 = 0.04 pP7 = 0.04
p66 =0.72 p67 =0.04
P76 = 0.04 p’7r=0.72

We will call the probabilities that populate the arrays fiducial measurements and
we will call the arrays of probabilities fiducial vectors [26)].

For every state p;, i = 0,1,...7, listed above we have that p°; + p*; +p?; +p%; +
pti +p° +p% +p"; = 1. This means that the probability of finding the register in
any one of the configurations from {000} through {111} is 1. States p; that have
this property are said to be normalized.

Given the collection of normalized states p; we can construct statistical ensembles
with other values for probabilities p° through p” by mizing states p; in various
proportions.

5The word fiducial in physics means an object or a system that is used as a standard of
reference or measurement. It derives from the Latin word fiducia, which means confidence or
reliance. Here we rely on the probability measurements in order to characterize the state of the
system.



Bits and Registers 13

1.4 Mixtures and pure states

Suppose we have a very large number, N, of fluctuating registers affected by the
malady discussed in the previous section. Suppose that Ny of these have been put
in state pg and the remaining N — Ny = N3 have been put in state ps.

Now let us place all N registers into a hat and mix them thoroughly. We can
draw them from the hat at random and look at their configuration but only once
per register drawn. What probabilities should we expect for any possible register
configuration in this ensemble?

The easiest way to answer this question is to ezpand states p; and ps into their
corresponding statistical ensembles and say that we have Ny ensembles that cor-
respond to state pg and N3 ensembles that correspond to state ps. In each pj
ensemble we have n% registers out of ng in the {000} configuration and in each ps

0

ensemble we have n'3 registers out of ng in the {000} configuration. So the total

number of registers in the {000} configuration is
Non®y + N3n®s
The total number of registers after this expansion of states into ensembles is
Nong + N3ng

Therefore the probability of drawing a register in the {000} configuration is going

to be
Non® + N3n®;3

Nono + N3n3
in the limit N — oo, ng — oo and nz — oo.
We can assume here, without any loss of generality, that we have an identical
number of registers in the ensembles for p; and ps, i.e., that ng = n3 = n. Then

Non + N3n®3

Nong + N3ng

_ Non% + N3n®s
— n(No+ Na)

B Non®y + N3n®3
N niN

~ NognP | N3ns
"N n N

In the limit n — co and N — oo this becomes:

Popo + P3ps

Mizing registers
n vartous states

Making use of
statistical
ensembles
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where Py is the probability of drawing a register in state pg, Ps is the probability
of drawing a register in state p3, p° is the probability that a register in state pg is
observed in configuration {000} and pY3 is the probability that a register in state
ps is observed in configuration {000}.

Now assume that Py = 0.3 and that P3 = 0.7. At this level (of probabilities
pertaining to the mixture) we have that Py + P3 = 1. What are the probabilities
for each configuration in the mixture?

P’ = Pop’o + Psps = 0.3-0.7240.7-0.04 = 0.244
pl = Poplo+ Psp's = 0.3-0.04+0.7-0.04 =0.04
p? = Pop®o + Psp®s = 0.3-0.0440.7-0.04 = 0.04
p> = Pyplo+ Pypls = 0.3-0.04+0.7-0.72 =0.516
pt = Pypto+ Pspts = 0.3-0.04+0.7-0.04 =0.04
p° = Pyp°o+ Psp®s = 0.3-0.04+0.7-0.04 = 0.04
p% = PopSo + P3p®s = 0.3-0.04+0.7-0.04 = 0.04
p"=Pplo+Psp’s = 0.3-0.0440.7-0.04 =0.04

Observe that all probabilities p?, i = 1,...,7, still add to one.
Using symbol p for the array of probabilities p° through p” we can write the
above as follows:

p = Popy + Psp3

In general, assuming that we use all possible states in the mixture, we would have:
p=> Pp; (1.1)
i

i.e., the mixture state is a linear combination of its constituents. This linearity is
restricted by two conditions, namely that >, P, = 1 and V; 0 < P; < 1. Linearity
so restricted is called convexity, but we are going to show in section that it can
be extended to full linearity as long as what is on the left hand side of equation
(LI is still a physically meaningful state.

It is easy to see that >, p* =1 for the mixture:
DD WIS WO WS
k E i i k
d>P1=> P=1
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States of States pg through p- are mixtures too. For example, state pz, which is specified
fluctuating by the array:
registers are p03 =0.04
mixtures of pls = 0.04
non-fluctuating p?3 = 0.04
states | pP5=0.72
Ps=1 p4, =0.04
p°3 = 0.04
p63 =0.04
p73 =0.04

can be thought of as a mixture of, say, 1,000,000 non-fluctuating registers of which
720,000 are in the {011} configuration at all times, and the remaining 280,000
registers are evenly spread over the remaining configurations, with 40,000 registers

in each.
A register that is in a non-fluctuating {000} configuration can be still described Probabilistic
in terms of a column vector of probabilities as follows: description of
non-fluctuating
p’=1 :
registers
pt=0
P =
p* =0
pt=
p°=0
p°=0
pr=0

which states that the probability of finding this register in configuration {000} is 1,

or, in other words, that the register spends 100% of its time in this configuration.

We can use similar array representations for registers in non-fluctuating configura-

tions {001} through {111}. These states, however, cannot be constructed by mizing Pure states
other states, because probabilities cannot be negative, so there is no way that the

zeros can be generated in linear combinations of non-zero coefficients, all of which

represent some probabilities. States that are not mixtures are called pure. Only

for pure states | p) do we have that

Zpizl and Z(pi)2:1

whereas for mixtures

> i) <1

%
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It is easy to see why this should be so. For 0 < p’ < 1 we have that 0 <
(pi)2 < p'. From this it follows that for such p's 0 < 3_, (pi)2 <>, p =1
The equality >, (p")2 = 1 can therefore happen only if at least one p* = 1,
but since Eipi = 1 and none of the p;s can be negative, in this case all other

p's must be zero.

Fiducial Let us introduce the following notation for the pure states:
representation ] 0 0
of pure states 0 . 0
0 0 1
€y = 0 e = 0 €y = 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
€3 = 1 €y = 0 €5 = 0
0 1 0
0 0 1
0 0 0
0 0 0
0 0
0 0
0 0
€5 = 0 €7 = 0
0 0
0 0
1 0
0 1

This time we have dropped the bars above the digits to emphasize that these pure
states do not fluctuate and therefore the digits that represent them are exact and
do not represent averages or most often encountered configurations.
The basis of Consider a randomly fluctuating register state | p) specified by a vector of prob-
pure states abilities p. Using straightforward array arithmetic we can express the array p in
terms of e; as follows
p= Zplez‘
1
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This expression is reminiscent of equation ([LI) on page 4 but here we have
replaced fluctuating states on the right hand side with non-fluctuating pure states.
And so, we have arrived at the following conclusion

Every randomly fluctuating classical register state is a mixture of pure
states.

The ability to decompose any randomly fluctuating register state p into a linear
(to be exact, a convex) combination of other fluctuating or pure states suggests
that we can think of the fluctuating states as belonging to a vector space in which
the natural choice for the basis are the pure states®, But fluctuating states do not
fill the space entirely, because only vectors for which

Zpizl and V;0<p'<1

%

are physical. Let us call the set of physically meaningful vectors in this space S.

Figure [[.4] shows set S for a 3-dimensional vector space that corresponds to a
2-bit modulo-3 fluctuating register, i.e., a register, for which the {11} configuration
is unstable and flips the register back to {00}.

€1

€2

Figure 1.4: The set S in the 3-dimensional vector space that corresponds to a 2-bit
modulo-3 fluctuating register is the gray triangle spanned by the ends of the three
basis vectors of the space.

6We are going to load the term basis with an additional meaning soon, but what we have just
called the basis states will remain such in the classical physics context even with this additional
loading put upon them.

States of
randomly
fluctuating
registers belong
to a vector space

A set of
physically
meaningful
states
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In this case S is the triangle spanned by the tips of the pure states

1
ey = 0
0
0
e = 1
0
0
€y = 0
1

It is possible to fill the space between the triangle in figure [[.4land the zero of the
vector space by admitting the null state as a possible participant in the mixtures.
A 3-bit register null state, for which we are going to use symbol 0, corresponds to
the array of probabilities

(sl el el e M@ @)

0

The meaning of the null state is that a register in this state does not return any
reading at all: we can say that it’s broken, all its LEDs are off.

Consider the following mixture: 30% of the 3-bit registers are in the null
state 0, 40% of the 3-bit registers are in the ez state and the remaining 30%
are in the e4 state. What are the coefficients pi of the mixture? Let us
expand the mixture into its statistical ensemble assuming for simplicity that
the total number of registers in the ensemble is 100. 40 registers will then be
in the {010} configuration and 30 registers will be in the {100} configuration.
The remaining 30 registers will be in no readable configuration at all. The
probability of drawing a register in the {010} configuration from the ensemble
is therefore p? = 40/100 = 0.4. The probability of drawing a register in the
{100} configuration from the ensemble is p* = 30/100 = 0.3. The probability
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of drawing a register in any other configuration is 0. The resulting state of
the register is therefore

iS]
Il

VRRNRR
N O gs W NN = O
Il
P22
SCowor oo

i)

|
©
o

The sum of all p’s is now equal 0.7, which is less than 1.

A state vector for which )", p* < 1 is said to be unnormalized as opposed
to a state vector for which 3. p* = 1, which, as we have already remarked,
is said to be normalized. The addition of the null state 0 to the mixture
has the effect of “diluting” it. Because every unnormalized state vector must
have some admixture of the null state, it is clear that all unnormalized states
are mixtures. And conversely, states that are not mixtures and that are not
null either, i.e., pure states must be normalized. And then we also have the
body of states that are not pure, but are not diluted either: these states are

normalized and they are mixtures too.

If null states are allowed then the corresponding set S is no longer restricted to
the surface of the triangle shown in figure [[4l Instead the states fill the whole
volume of the tetrahedron between the triangle and the zero of the vector space,
including both the zero and the triangle.

The pure states and the null state are the extremal points of S. This observation
lets us arrive at the following definition of pure states:

Pure states correspond to extremal points of S — {0}.

This definition will come handy in more complex situations and in richer theories,
in which we may not be able to draw a simple picture, or recognize that a given
state is pure by merely looking at its corresponding column of probabilities.

1.5 Basis states

In section [[L4] we stated that pure states were the natural choice for the basis of
the vector space in which physical states of fluctuating registers filled set S. This

Normalized and
unnormalized
states

Diluted miztures

Pure states as
extremal points

of S
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assertion was based on the elementary algebra, which we used to decompose an
arbitrary mixture into a linear combination of pure states:

7
p= Z piez‘
i=0

This decomposition, in turn, was based on the representation of pure states by
arrays of zeros and ones — arrays, which in the world of elementary algebra are
commonly associated with basis vectors.

Here we are going to give a quite special physical meaning to what we are going
to call the basis state throughout the remainder of this book and to what is also
called the basis state in quantum mechanics.

A basis state is the configuration of a randomly fluctuating register that
can be ascertained by glancing at it momentarily.

If we have a fluctuating register and glance at it momentarily we are not going to
see it fluctuate. Instead, we are going to see this register in a quite specific frozen
(albeit momentarily only) configuration, for example, {010}. If we glance at this
register again a while later, the register may be in the {101} conﬁgurationm. We are
going to call the non-fluctuating states that correspond to these configurations, i.e.,
es and es, the (physical) basis states. Altogether we are going to have eight such
basis states for the classical 3-bit randomly fluctuating register, assuming that all
bits are allowed to fluctuate freely. The basis states, as defined here, are ey through
e7, which is what we have also called pure states, and what is also a canonical basis
in the fiducial vector space.

We are going to use a special notation for such momentarily glanced basis vectors
to distinguish between them and the canonical basis. Borrowing from the traditions
of quantum mechanics, we’ll denote them by | eg) through | er).

The number of vectors in the physical basis of the classical randomly fluctuating
register, this number is also called the dimensionality of the system, is the same
as the number of probabilities that are needed to describe the state. The number
of probabilities is also called the number of degrees of freedom of the system. This
follows clearly from how the probabilities have been defined: they are probabilities
of finding the register in one of its specific configurations, which here we have
identified with the basis states, because it is only these configurations (and not the
fluctuating states) that we can actually see when we give the register a brief glance.

"Here again we make the assumption that glancing at the register does not affect its state.
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Denoting the dimensionality of the system by N and the numbers of degrees of
freedom by K, we can state that for the classical randomly fluctuating register

K=N (1.2)

Why should we distinguish at all between canonical and physical basis, especially
since they appear to be exactly the same for the case considered so far? The answer
is that they will not be the same in the quantum register case. What more, we will
find there that

K = N? (1.3)

An astute reader may be tempted to ask the following question: what
if I happen to catch the register in one of its unstable states it goes through
when it glides between the configurations described by symbols {000} through
{111}? Such a configuration does not correspond to any of the “basis vectors”
we have defined in this section.

This is indeed the case. Our probabilistic description does not cover the
configurations of the continuum through which the register glides between its
basis states at all. Instead we have focused entirely on the stable discrete
configurations.

One of the ways to deal with the problem is to define more precisely
what we mean by “momentarily”. Assuming that the transition between
the stable configurations of the register, the gliding phase, lasts dt we want
“momentarily” to be much longer than §t. But “momentarily” must not be
too long, because then we’ll see the register switch during observation. If
the register stays in any given configuration for At on average, then we want
“momentarily” to be much shorter than At. And so we arrive at a somewhat
more precise definition of “momentarily”:

0t < “momentarily” < At

We will see that this problem is not limited to classical registers. There is
a similar condition imposed on quantum observations, although the dynamics
of quantum observations is quite different. But it still takes a certain amount
of time and effort to force a quantum system into its basis state. If the act
of observation is too lightweight and too fast the quantum system will not
“collapse” to the basis state and the measurement will be incomplete.

Another quite different way to deal with the problem is to include the con-
tinuum of configurations the register glides through between its stable states
into the model, and allow register configurations such as {0.76 0.34 0.18}. We
would then have to add probabilities (or probability densities) of finding the
register in such a state to our measurements and our theory. The number of
dimensions of the system would then skyrocket, but this does not necessarily
imply that the system would become intractable.

What to do with
transitional
configurations

What do we
mean by
“momentarily”

How to include
transitional
states in the
model
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This solution also has its equivalent in the world of quantum physics.
Detailed investigations of the spectrum of hydrogen atom revealed that its
spectral fringes were split into very fine structure, and that additional splitting
occurred in presence of electric and magnetic fields. To account for every
observed feature of the spectrum physicists had to significantly enlarge the
initially simple theory of hydrogen atom so as to incorporate various quantum

electrodynamic corrections.

1.6 Functions and measurements on mixtures

How can we define a function on a randomly fluctuating register state?

There are various ways to do this. For example, we could associate certain values,
fi € R, with specific configurations of the register, i.e., {000},...,{111}, and then
we could associate average of f; over the statistical ensemble that corresponds to
p with f (p). This is a very physical way of doing things, since all that we can see
as we glance at the fluctuating register every now and then are its various basis
states, i.e., momentarily frozen configurations. If every one of these configurations
is associated with some value f;, what we’re going to perceive in terms of f; over a
longer time, as the register keeps fluctuating, is an average value of f;.

Another way to define a function f on a fluctuating register state would be to
construct an arbitrary mapping of the form

Sape £, p% 0% 0" 0,00 ") €R

where R stands for real numbers.
This second way is very general and it could be used to define quite complicated
non-linear functions on coefficients p;, for example:

S>p— (po)2 + ptp® —sin (p2p3p4) +ePPP e R

A function like this could be implemented by an electronic procedure. For example,
the procedure could observe the register for some time collecting statistics and
building a fiducial vector for it. Once the vector is sufficiently well defined, the
above operation would be performed on its content and the value of f delivered on
output. Knowing value of f on the basis states would not in general help us evaluate
f on an arbitrary state p. Similarly, knowing values of f on the components of a
mixture would not in general help us evaluate f on the mixture itself. In every case
we would have to carry out full fiducial measurements for the whole mixture and
then only evaluate the function.
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On the other hand, the strategy outlined at the beginning of the section leads to
functions which have very nice and simple properties and which also cover a very
important special case: that of the fiducial vector of the mixture itself.

Consider a register that has a tiny tunable laser linked to its circuitry and the
coupling between the laser and the configuration of the register is such that when
the register is in configuration {000} the laser emits red light, when the register is
in configuration {111} the laser emits blue light and when the register is in any of
the intermediate configurations the laser emits light of some color that is between
red and blue. Let the frequency of light emitted by the laser when the register is in
state e; (which corresponds directly to a specific configuration) be f;. Let us then
define the frequency function f on the basis states¥ as follows

fle)=fi

We are going to extend this definition to an arbitrary mixture
p= Zpiez‘
i

by calculating the average value of f; over the ensemble that corresponds to state
p. Let us call this average value f and let us use the arithmetic mean formula to Arithmetic
calculate it. If the ensemble comprises n registers then np° registers are in state ey, mean average

npl registers are in state eq, ..., and np7 registers are in state e;. The arithmetic Over the
mean of f; over the ensemble is: ensemble
7 1 0 1 7
f= ﬁ(np fo+np'fi + -+ np' fr)

7
= E;plfi:zi:plfi
= Zpif(ei)

We can define that f (p) = f, which yields the following formula:

fp)=f (Zpiez) = Zpif (e:)

8These are, in fact, physical basis states, because we want to associate the definition with
register configurations that can be observed by glancing at the register momentarily. So we
should really write here | e;). But recall that for the classical register they are really the same, so
we’ll avoid a great deal of notational complexity by using the canonical basis instead.
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Now let us take two arbitrary statesd
P = Zpilei and  py = Zpizei
i i

and evaluate f on a mixture of these:

f(Pipy + Papy) = f (Pl > phei+ P Zpléez?)

=f (Z (Pip'y + Pap'2) ei) = Z (Pip'1 + Pop’s) f (1)

7

3

=P Zpilf (€;) + P» Zpizf (e:)

=Pf <Zpi1€i> +Pf (Zpléei)
=Pif(p) + Pof (p2)

In summary
f(Pipy + Popy) = Pif (py) + P f (p2) (1.4)

Converzity of i.e., we find that f is conver on mixtures, or, in other words, it is linear on ex-
arithmetic mean pressions of the form P;p; + Pyp, where p; and p, belong to S, 0 < P; < 1 and
on mixtures 0<Py<land PP+ P, =1.
We can extend the definition of f to diluted mixtures by adding the following
condition:
f(0)=0
Returning to our model where f; is a frequency of light emitted by a tunable laser
linked to a register configuration that corresponds to state e;, f (p) is the average
frequency of light emitted by the laser as the register in state p fluctuates randomly
through various configurations. Note that this average frequency may be different
from all frequencies f; that are actually observed. Frequency of light emitted by a
broken register, f(0), is zero, i.e., in this case the laser does not emit anything.

Probability as a As we have already remarked, a very important class of functions that belong
convex function in this category are the probabilities associated with the mixture itself. Recall
on mixtures equation (IJl) on page [[4], which we are going to rewrite here as follows:

p = Pip; + Pap,

9These are no longer the same states as our previously defined states p; and p5: the bars
above the subscripts are absent. They are simply two general mixture states.
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Define a function on p that returns the i-th probability p’. Let us call this function
w'. Using this function and the above equation for the probability of a mixture we
can write the following expression for p':

P’ =w'(p) = P’ (py) + Pow’ (p) = Pip's + Pop's

If states p; and p, happen to be the canonical basis states, and if we have all of
them in the mixture, we get

p=w(p) =o' (Zp’“ek> => P (ex)
k

k

For this to make sense we must have that
wi (ek) = 5zk

where 6%, =0 for i # k and 6%, =1 for i = k.

Interpreting w’ as an average value of something over the statistical ensemble
that corresponds to p, we can say that p' = w’(p) is the average frequency with
which the basis state e; is observed as we keep an eye on the randomly fluctuating
register, e.g., 30 times out of 100 (on average) for p* = 30%.

The linear combinations of various states discussed so far were always restricted
by the conditions

V,i0<p' <1 and Y pi=1
1

or in case of diluted states 0 < . p' < 1. When we observed the linearity of
function f defined as the arithmetic mean over statistical ensembles corresponding
to states p, it was also restricted to coefficients p’ or P; (for mixtures of mixtures)
satisfying the same conditions. So this partial linearity, the convexity, is not a
full linearity, which should work also for p* > 1 and for p? < 0 — unless we can
demonstrate that the former implies the latter.

So here we are going to demonstrate just thism, i.e., that a function f
defined as above, which has the property that

[ (Pipy + P2py) = Pif (p1) + Pof (P2) (1.5)

where
0<P <1 and 0<P,<1 and Pi+P=1

10This proof follows [26] with some minor alterations.

Kronecker delta

Convezity
implies linearity
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is fully linear on S, i.e.,

f (Z az‘lh) = Zaif(pi) (1.6)

where
p; €S and Zaipl- €S and a; €R
i

i.e., a; can be greater than 1 and they can be negative too.

Since we allow for the presence of the null state 0, assume that p, = 0.
The probability array (the fiducial vector) for 0 comprises zeros only and
7 (0) =0, hence equation (5 implies that in this case

f (P1p1) =hf (Pl) (1.7)

Now replace P; with 1/v and Pip; with p:

f )= f )

or

vf(p)=f(vp) (1.8)
Observe that in this new equation state p is unnormalized (or diluted) and
1 < v. Combining equations (7)) and (L8] yields

f(ap) =af (p) (1.9)

for 0 < a (including 1 < a) and as long as ap € S, since otherwise the
expression lacks physical meaning. But we can extend this expression beyond
S from a purely algebraic point of view and this will come handy below.
Now let us consider an arbitrary linear combination of states that still
delivers a state in S:
b= Z aip;

where, as above, we no longer restrict a;: they can be negative and/or greater
than 1 too. Let us divide coefficients a; into negative and positive ones. Let
us call the list of indexes i that yield a; < 0 A_ and the list of indexes i that
yield a; > 0 Ay. This lets us rewrite the equation above as follows:

p+ Y lalp, = Y aip, (1.10)

i€A_ i€Ay

v=1+ Z la|

i€EA_

Define
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and let us divide both sides of equation (LI0) by v:

1 |a;] a;
1 o i 1.11
p+ > P P (1.11)

I€EA_ i€EAL

Observe that all coefficients on the left hand side of the equation, i.e.,

7‘%' for i€ A_
v

N

are positive and add up to 1 (because we have defined v so that they would

add up to 1). Now define
a;
= . i
€A L

Using p we can additionally rewrite equation (L.II)) as follows:

Py py -y o

iI€A_ 1€A+
Observe that all coefficients on the right hand side of this equation, i.e.,
i
%

for i€ A+

are positive and add up to 1 (because we have defined p so that they would
add up to 1). We can now apply function f to both sides of this equation. Let
us begin with the left hand side. Here we have a regular mixture, therefore:

e |(:j‘pi =%f(p)+ > ‘azlf( )

I€EA_ i€A_

On the right hand side we first make use of equation (I.9) on page
uzfpz =uf (X | =
1€A+ i€EAL ®

and now we simply make use of the fact that what f acts on is a regular
mixture and so:
=ny

2€A+

Combining both sides yields:

P+ Y |L:f|f(pz =p >y —f(pz

i€EA_ z€A+
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Let us finally multiply both sides of the equation by v and let us cancel u/pu
on the right hand side to get:

f(p)+ Z las| f (p;) = Z aif (p;)

i€A_ =y

which is the same as

fP)=> aif(p,)
in other words, f is, this time, fully linear on S.

The arithmetic mean is not the only way in which function f can be extended

arithmetic mean from its definition on the basis states e; to an arbitrary mixture p. Instead of using

arithmetic mean, (f,p), we could also use the generalized mean, which is defined
by the formula:

1/t
fi = (Zpi (fi)t>

The generalized mean f; becomes arithmetic mean for ¢ = 1. It also becomes
harmonic mean for t = —1 and geometric mean for ¢ — 0. For very large values of
t f; ~ max; f; and for very large negative values of ¢ f; ~ min; f;.

There may indeed be situations in electronics and physics when, e.g., harmonic
mean or geometric mean are more appropriate ways of extending f to the mix-
ture. But f so defined would not be linear and therefore would not mix in direct
proportion to the abundance of various components in the mixture.

1.7 Forms and Vectors

Linear functions on a vector space are called forms. Such functions can be thought
of as mirror images of vectors they operate o™ and they form a vector space of
their own too.

Whenever a form f, which represents a measurement on a mixture, encounters a
vector p, which represents a mixture, they get together in an explosive union (f, p)
which delivers a number f (p):

(f.,p) = f(p)

1A great and quite painless introduction to vectors, forms and tensors can be found in 391,
Part 11, “Physics in Flat Spacetime”, sections 2 and 3.
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Using this notation we can restate the linearity of function f, equation (L), as

follows:
<-f7 Z azpz> = Z az<fapz>

In practical computations we often identify a state vector p with a column of num-
bers (probabilities), although much can be said and even proven about state vectors
without using this particular representation. Similarly, a form f can be identified
with a row of numbers. For example, a form that returns the first component of a
vector would have the following row-of-numbers representation:

w’ =(1,0,0,0,0,0,0,0)

When a form like this is attached to a vector p the following results:

<w0ap> = (1a0a0507070a0a0) '

RBRRERBRRYI

N o ;R W = o
Il
hS)

3

where the dot between the row and the column stands for matrix multiplication.
This form represents a measurement of probability that the system is in configura-
tion {000}.

The following listing introduces a canonical basis in the space of forms:

W' = (1,0,0,0,0,0,0,0)
w' = (0,1,0,0,0,0,0,0)
w? = (0,0,1,0,0,0,0,0)
w? = (0,0,0,1,0,0,0,0)
w!' = (0,0,0,0,1,0,0,0)
w® = (0,0,0,0,0,1,0,0)
Wb = (0,0,0,0,0,0,1,0)
w’' = (0,0,0,0,0,0,0,1)

As we did with columns of probabilities, we shall call the rows and symbols such Fiducial forms
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as w' fiducial forms or fiducial measurements, because they act on fiducial vectors.
The basis forms w? satisfy the following relation:

<wi’ ej> = 5ij
As we can express a mixture p in terms of the basis states
p= Zpiei
i
a form f can be expressed in terms of the basis forms w? defined above as follows:

F=2_ fw

The action of f on p now becomes:
(f,p) = <Z fiwi,ijej>
i J
= ZZfipj@i,eﬁ = ZZfipjaij
= ijpi j

The physical meaning of (f,p) is the arithmetic mean of f; over the statistical
ensemble represented by the mixture coefficients p’, where f; are the values f
assumes on the basis states e;.

About subscripts Observe the following typographic convention. Vectors and forms are

and superscripts typeset using bold font, whereas vector and form coefficients are typeset using
light font. Whenever possible we will reserve small Latin letters, e.g., v, e, for
vectors and small Greek letters, e.g., 17, w, for forms — though sometimes, as we
have just done with form f, we will break this convention. Basis vectors, e.g.,
e; are numbered with subscripts. Basis forms, e.g., w® are numbered with
superscripts. On the other hand, vector coefficients, e.g., p* are numbered
with superscripts and form coefficients, e.g., f; are numbered with subscripts.
This way whenever there is a summation in expressions such as:

p = Zpiei
>
Zﬁpi

f
(f,p)
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the summation runs over indexes of which one is always down and the other
one is always up. Such summation is called contraction. One says, for exam-
ple, about contraction on index i.

This convention is very useful, because it constantly reminds us about
what various objects we work with actually are. It helps debug form and
vector expressions too. For example, an expression such as ), fie; should
attract our suspicions, because it suggests that we are trying to use form
coefficients in order to construct a vector.

This typographic convention leads to the so called summation convention, Summation
which states that whenever there is an expression with two identical indexes, convention
of which one is up and the other one down, summation should be assumed.

For example

o= Y f
i
> pei
i
> fuw!
i
The summation convention is very handy in tensor calculus, where geometric
and dynamic objects may be endowed with several subscripts and super-

scripts. We will not make much use of it though, and will always state so
explicitly, when we do.

3
pé€;

fiw'

The placement of indexes on form and vector coeflicients is not just a Vector and form
matter of esthetics, convenience and debugging. It reflects transformation transformation
properties of these objects too. properties

Suppose that instead of decomposing vector v in basis e;, v = 3, vies,
we were to decompose it in another basis, say, e;;. Basis vectors e; are not
the same as e;, the prime on the index i’ matters, but they are all linearly
independent as basis vectors should be. Suppose also that we find another
basis in the form space, w® such that (wi/, ejr) = 6i'j/. Vector coefficients in
the new basis e;s can be found by using the basis in the form space, namely

i i

vt = (w",v)

Since both e; and e; are the bases of linearly independent vectors, there
must be a linear transformation that converts one basis into another one. Let
us call the coefficients of this transformation A;7. The transformation rule
for the basis vectors is then:

ei’ = Z A.L-/jej
J

We should expect a similar transformation for the forms

y S
w' = E w’ A;*
J
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We do not assume that A;;7 and Aji, are the same: the typographic placement
of primed and unprimed indexes warns us that they may be different. But
they are related. This is easy to see by invoking the rules (w’, e;) = 6°; and
(wi/,ej/> = éilj/:

(5ilj/ = (wi,,ej/> = <Z kaki,,ZAjllel>
k l
_ ZZAkiIA]’/l<wk7€z> _ ZZAki’Aj/lékl
k l k l
= ZAkZIA]/k
k

This tells us that matrices HAki/

Now we can turn back to transformation properties of vector and form
coefficients. We can easily see that for vectors we have the following:

v = <wil,v> = <ijAji,,v>
J

= ZAji/ <wj,v> = ZvjAji/

J J
On the other hand, we get a different relation for forms:
nir = (n,ey) = <7772Ai’jej>

J

=> A (ne5) = A

J J

We see that form and vector coefficients transform in opposite directions.

and HAJ-/"H are inverses of each other.

Vector coefficients (index is up) transform like form basis (their index is up
t00) and form coefficients (index down) transform like vector basis (their index
is down too). This is actually very good, because this means that expressions
such as ), nv® don’t transform at all. Transformations of 7; and v® cancel
each other, so that the resulting scalar (n,v) is independent of the choice of
vector and form bases.

1.8 Transformations of mixtures

Suppose we have a hat full of randomly mixed 3-bit registers in various static config-
urations. Such a statistical ensemble is equivalent to a single randomly fluctuating
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register in some state p. If there is a total of IV registers in the hat, the abundances
of registers in specific configurations are Np°, Np',..., Np”.

Let us now call a local Cinderella, there is always bound to be one in a nearby
opera house, and let us give her the following ungrateful task. She should draw
the registers out of the hat one by one. Whenever she draws a register in state
e she should tweak its toggles so as to change its state to p, and then place it in
another hat. Whenever she draws a register in state e; she should tweak it so as
to change its state to p; and then place it in the other hat too, and so on for the
remaining states. In other words, she should perform the following transformation
on the whole ensemble:

€ — Do
e — D
€ — Do
€3 — D3
€4 — Py
€ — D5
€ — Dg
er — Py

where p, = ijjiej.

What Cinderella is going to end up with in the second hat, after the whole
operation is finished, is another mixture. Let us now draw a register from the second
hat, this time it is going to be a fluctuating one, and glance at it momentarily. What
are the probabilities of seeing eg, eq,...,e7?

To answer this question we shall expand, as we did on previous occasions, states
po through p, into their statistical ensembles, remembering that we are going to
have

Np® ensembles that correspond to Po
Npt ensembles that correspond to Py
Np? ensembles that correspond to Py
Np? ensembles that correspond to  ps
Np* ensembles that correspond to Py
Np® ensembles that correspond to Ps

Np ensembles that correspond to Ps

Clinderella
transformation
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Np” ensembles that correspond to p7

Without loss of generality we can assume that each ensemble that corresponds to
P,y through p, comprises the same number of non-fluctuating registers. Let’s call
this number n. Consequently, in an ensemble that corresponds to p, we are going
to have

np® registers in state eo
nplo registers in state el
np?o registers in state es
npo registers in state es
np*o registers in state ey
np50 registers in state es
np60 registers in state €g
np’o registers in state er

and similarly for the other ensembles. The total number of registers in state e in
all the ensembles is going to be:

Npnp® + Np'np®1 + Np*np®s + Np*np®s
+Np*np®y + Np°np®s + NpPnp®s + Np'np®s

7
= Nny p'p’s
1=0

The total number of all registers in all the ensembles is going to be Nn, because
we had N registers in the first hat and after tweaking the toggles each register
got “expanded” into an ensemble of n registers. Let the state of the mixture in
the second hat be called q with coefficients ¢°, ¢',. .., ¢". Making use of the above
formula we have for ¢°:

7 7
1 , .
0 _ .0 __ 0 .7
q —*NnNn Eopp P = ‘Eop ip
1= 1=

We have reversed here the order of p; and py; for a purely cosmetic reason. Similarly
we can write the following equations for the remaining coefficients:

7 7 7
¢ = = =)
=0 =0 =0
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7 7 7
¢ =>p =D i =D
1=0 =0 =0

7
= pp
i=0
All of this can be written more concisely as follows:
7=y
i
We can also rewrite this formula using vector and form notation:

ST 3 3 T 3 SR
j i i Jj o1
7 %

where we have defined

PiZijiej ®w'
i

The symbol ® is called a tensor product and all that it means here is that we put
e; and w' together next to each other typographically. If form w® finds a vector to
prey on, e.g., p, it vanishes together with it leaving a number (w’, p) behind and
all that is left on the paper then is e; multiplied by that number.

Symbol P denotes an operator that describes the transformation of the ensemble
performed by Cinderella. Observe that every j-th term of this operator, Y, p’/;w’
is a form. The operator can therefore be thought of as eight forms arranged so
that they together transform one state vector, p, into another one, q. Each of the
forms is a convex function, but, as we have already seen, it is also fully linear on
S. Consequently P, the collection of the forms, is linear too.

We will usually adhere throughout this text to the typographic convention
which uses capital bold letters, like P, for operators and other complex objects
that have one or more tensor products inside them, although we will deviate
from it in some cases, where tradition dictates that, e.g., a metric tensor
should be denoted by g.

Another typographic convention drops brackets ( and ) when describing
the action of an operator on a vector. And so, instead of writing (P, p) we can
write simply Pp. This has the additional benefit of translating naturally into

a matrix (representing the P) times a column (representing the p) expression.

Tensor product

Typographic
conventions
pertaining to
operators
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Although every Cinderella transformation like the one discussed here is going
to be linear, not every linear transformation that we can apply to S is going to
be a valid Cinderella transformation. Rotations and reflections, for example, are
linear, but here they would rotate or reflect some of the states out of S. Cinderella
transformations on the other hand keep everything within .S because of the following
three conditions, which, all together, imply convexity of P:

V;0<p’;i <1

;) pi=1

Vinjizl
J

Can Cinderella transformations be reversed? There is a very interesting answer
to this question: the only reversible Cinderella transformations are permutations
on pure states, i.e., if a reversible Cinderella transformation is applied to a pure
state, another pure state must come out on output. Since reversibility also implies
that no two different pure states may be converted to the same output state, the
only possibility we are left with is a permutation of pure states.

The way to see that a reversible Cinderella transformation must convert a pure
state into another pure state is as follows. Let the transformation in question be
called C'. If it is possible for C to convert a pure state to a mixture then we would

have that:
Cei = Z ckek
k

Since C is reversible, C ™! exists and we can apply it to both sides of the equation
above:
C Cei=¢; = chC_lek
k

But this says that e; is a mixturd®, which it is not. Hence we must conclude that
C' cannot convert e, to a mixture.

We can always think of a quite general transformation on a mixture de-
fined by the following formula:

a=>q@"p".....p") e

12Note that C~'ej, must be linearly independent states because otherwise C' wouldn’t be re-
versible.
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where ¢ (p07p1, . ,p7) are some arbitrary, possibly nonlinear, real-valued
functions that convert coefficients p*, ¢ = 0,1,...,7 into real numbers between
0 and 1. The only additional condition we would impose on functions ¢* would
be that _

Vpes Zqz (p) <1

K3

where the < 1 condition would cover the option of generating diluted mix-
tures. How could we implement such a general transformation? It would not Nonlinear
be sufficient to provide Cinderella with a prescription such as before — this, as transformations
we have seen, would result in a linear transformation. In order to generate g cannot be
Cinderella would have to empty the first hat entirely, counting abundances for implemented
each configuration. Then only, having collected sufficient fiducial statistics to without the full
ascertain the state of the whole mixture p, she could sit down and calculate L ledge of the
q' for i = 0,1,...,7. Having done this she could then set switches on each nowteag
register to generate g and only then she would place the register in the second state
hat.

This transformation would be quite different physically from a Cinderella
transformation. A Cinderella transformation can be implemented on the go:
we don’t have to have the complete knowledge of the mixture in order to
begin processing the registers. The prescription allows us to perform the
transformation on each register separately and things will still add up to
q = Pp.

1.9 Composite systems

In this section we are going to have a closer look at what happens when we combine
smaller randomly fluctuating registers into a larger one.

Consider two 2-bit randomly fluctuating registers. A 2-bit randomly fluctuating
register is described by states that belong to the 22 = 4 dimensional vector space.
The canonical basis vectors in this space are ey = {00}, e; = {01}, e = {10} and
e; = {11}. A vector space that contains the register obtained by combining the
two 2-bit registers is 4 x 4 = 16 dimensional. Let us call the two 2-bit registers A
and B and let us label the basis states that refer to these two registers with indexes
A and B too. And so we have the following basis states for register A:

{00}, {01} 4, {10} 4, {11} 4

and similarly for register B:

{00},{01}5,{10}5, {11}
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What will the basis states look like of a system made by placing registers A and
B next to each other, so that they form a 4-bit register? Since we are not going to
do anything special to these two registers, other than just place them next to each
other, whenever we give them a brief glance as they keep fluctuating, we’re going
to see one of the following:

{00}.4{00} 5 {00}a{01}5
{00} 4{10} 5 {00} 4{11}
{01}4{00} {01}4{01}p
{01}4{10} 5 {01} 4{11}5
{10}4{00}5 {10}a{01}5
{10}4{10} 5 {10} 4{11}5
{11} 4{00} 5 {11} {01} 5
{11}a{10}5 {11}a{11}5

And so these pairs must be then the basis state vectors of the combined system.
We can replace binary digits in the curly brackets with our symbolic notation for
basis vectors as follows

{OI}A{lo}B — €14€e2p

where we have simply placed e; 4 and es g next to each other on the sheet of paper.
But we have already seen something very similar when we defined an operator in
terms of the tensor product ®. So just to avoid a possible confusion and emphasize
that we do not really multiply these vectors by each other but merely write then
next to each other, let us use the same symbol here:

{01},4{10}3 — €14 (9 €sp

The basis of the combined register system now becomes:

€pa ®epp epa®elp
€y D e2p €y De3p
€14 ®epp e1a®elp
e ®ezp e1a®esp
€4 Qepp ey el
ex) ®eap exs ®esp
e3) depp e3g el
e3) ®eap e Qesp
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Using the pairs we can construct various mixtures in the same way we did it with
a single register. For example, we could take 30% of e1 4 ® ez, 25% of es4 R eg g,
25% of e 4 ® e1 g and 20% of eg4 ® es:

p=03e14Re3p+025e34 Reop
+0.25e34®e1p+02ey4 Qeap

and this mixture would still leave 12 other basis states unused.

If wy is a form (or a measurement) that acts on states of register A and ng
is a form (or a measurement) that acts on states of register B, then the two can
be combined into a form w4 ® np that acts on states of the combined register as
shown in the following example:

(wWa®np,p)
=(wa®ng,03e14®e3p+025e34 Veop
+0.25e24®e1p+02€ep4 ®eap)
=0.3{(ws ®Mp,e14 ®eszp)+0.25(ws @Np,e34 @ eop)
+0.25(wa ®@MNp,e24R€e15) +0.2(ws ®MNp, €04 ® €2p)

Now we proceed exactly as we did in the definition of the operator. Let us first
unite A forms with A vectors. This will produce numbers that will get thrown out
in front of the ( and ) brackets leaving B forms and B vectors to do the same. So
in final account we shall get

... =0.3(wa,e14)(Np,e3p) +0.25(wa,e34)(Mp.€05)
+0.25(wa,€24)(Np,e15) +0.2(wa, €04)(Ng, €25)

A function so defined is clearly linear on states p € R'® and so it can be inter-
preted as arithmetic mean average over the statistical ensemble that corresponds
to p.

Because under the action of w4 ®np a pair such as eg 4 ® es g gets converted into
a product of two reals, (wa,ep4)(Ng,esp), one can think of the tensor product ®
as a product in waiting.

Another way to think of a tensor product is as a logical and. Instead of saying
that we have observed the pair of registers A and B in state

€pa ®esp

Mizing
combined
register systems

Forms on
combined
register states

A formal (or
tensor) product
of register states
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we can say that we have observed the pair in state:

eps and e3p



2 The Qubit

$Id: chapter.tex,v 1.5 2006/08/29 17:05:17 gustav Exp $

2.1 The ugly quanta

Macroscopic matter, i.e., things that surround us in our every day life, like cups,
saucers, telephones and frog infested ponds, are subject to well known and well un-
derstood laws of macroscopic physics. The laws are pretty simple, although when
applied to almost any realistic system they tend to yield very complex equations
that are almost impossible to understand, seldom admit analytical solutions and
frequently display chaotic behavior. It is often the case that we have to help our-
selves with common-sense understanding of macroscopic world in order to construct,
analyze and solve equations that describe it.

XIXth century physicists expected that laws of macroscopic physics, which they
distilled from their macroscopic observations and refined with their macroscopic
brains should extend do microscopic domain as well. They imagined that atoms
(and they did not suspect at the time that atoms could be made of even smaller
constituents) would be subject to the same laws of Newtonian dynamics that worked
so well on cannon balls and anvils sliding off rotating wedges with rough surfaces.

It is just as well that they were wrong, because if they weren’t, nothing would
work and we could not and would not be here to discuss these issues. Matter based
on the principles of classical physics would cease to exist almost instantaneously.
The Rutherford model predicted that a typical lifetime of a hydrogen atom should
be about 107%s. Even if we were to ignore this little difficulty, classical stars
should run out of puff in a mere one hundred million years, as Kelvin and Helmholtz
discovered. Needless to say, Rutherford knew very well that hydrogen atoms did
not decay after only 107!%s and Kelvin and Helmholtz were well aware of the fact
that our Mother Earth was several billion years old.

Physics of microscopic domain is then quite different, and one should indeed
expect this. A typical macroscopic chunk of matter contains about the Avogadro
number of molecules. It may be 1/100*" or 1/1000*" or perhaps a thousand times
more than the Avogadro number. It does not make much difference, because the
Avogadro number is so huge: 6.023 x 10?3 /mole. The laws of microscopic physics
are not only very different, they also appear richer than the laws of macroscopic
physics. But when you put 6.023 x 1023 quantum objects together, couple them
to other equally voluminous lumps of macroscopic matter and immerse the whole
lot in a thermal bath of the Avogadro number of photons, the spectrum of which
corresponds to the room temperature, most of this different and rich microscopic
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physics is going to average away and all we’ll be left with in the macroscopic world
will be our well known and intuitively sound macroscopic physics. .. which predicts
that we should not exist.

One should expect that macroscopic physics ought to be derivable from micro-
scopic physics. How would one go about this? One would derive mathematical
formulae describing the behavior of a system of N quantum objects interacting
with each other. This may not be possible to do exactly because of the complexity
involved, but one could make some simplifying assumptions on the way. One would
then take a limit N — oo (but in such a way that N/V = density = constant) since
the Avogadro number is large enough to be replaced by infinity, and one would
also assume ambient temperature to be sufficiently high for quantum statistics to
be replaced by the Boltzmann statistics, and in this limit we would expect the
laws of macroscopic physics to emerge. Such a procedure is called taking thermo-
dynamic limit of a quantum theory. It is indeed the case that laws of microscopic
physics, as we know and understand them today, yield laws of macroscopic physics
in thermodynamic limit.

One should not expect that microscopic physics could be derived from macro-
scopic physics. Because of the averaging away of quantum effects on taking the
thermodynamic limit, various theories of microscopic physics, some of them bla-
tantly at odds with each other and with experimental phenomenology as well, may
yield the same macroscopic physics in thermodynamic limit. A simple example is
the Boltzmann statistics, which can be derived both from the Fermi-Dirac statistics
and from the Bose-Einstein statistics, the latter two being quite different. There is
no way then that, say, the Fermi-Dirac statistics can be derived from the Boltzmann
statistics.

One should neither expect that macroscopic concepts such as space-time contin-
uum or differential manifolds would be applicable to the description of microscopic
systems. There is no reason to expect that microscopic “space” should even be
Hausdorff or, indeed, topologicapj. Yet one has to start somewhere and the devil
we know is better than the one we don’t. So in effect physicists have smuggled a lot
of macroscopic conceptual framework into their description of microscopic world

! Consider the example of neutron decay. Free neutrons live 885.74-0.8 seconds on average [35].
Their lifetime is measured with macroscopic clocks and we see some neutrons living less than 885.7
seconds and some more. The decay rate is exponential and the process of decay is probabilistic.
But what is the macroscopic time that is used in the measurement? What if every neutron has its
own microscopic clock and all these clocks work at different speeds, the macroscopic time being
an average of all the little microscopic times? The neutron’s lifetime measured by its own clock
could very well be fixed, but because their clocks work at different speeds, we would perceive the
neutron decay process as random when measured against the macroscopic clock.
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and whereas it seems to work in general one is tempted to wonder sometimes if use
of such concepts in microscopic physics is not abuse.

How then can we arrive at correct theories of microscopic world? The answer is
simple if disappointing: educated guesswork combined with laboratory verification.
The so called quantization procedures are just educated guesswork. They are not
real derivations and they seldom yield correct quantum theories without the need
for additional man-handling anyway. Their real purpose is to ensure that whatever
is eventually concocted on the microscopic level yields an expected macroscopic
theory in thermodynamic limit, and this is fair enough. It does not imply, however,
that microscopic theories cannot be constructed in other ways, while still yielding
correct thermodynamic limit. And, indeed, there are a good few ways to choose
from, the most popular being canonical quantization, Feynman path integrals, spin
networks, and more recently topological field theories?.

But at the end of the day all that matters is the microscopic description itself,
which may as well have been guessed, its predictions and its laboratory verification.
And the latter turns out to be a real can of worms because, as yet, nobody has
come up with a way to observe a microscopic system without entangling it at the
same time with a macroscopic (or at best a mesoscopic) measuring apparatus. So,
in effect, we don’t really know what microscopic systems do when they are left on
their own and how they interact with each other in absence of the macroscopic
measuring apparatus — although we may have some vague ideas about it. The
presence of the measuring apparatus in our investigations of microscopic world
is so important that we have been forced to acknowledge that certain measured
quantities and perhaps even measured microscopic objects themselves are made by
the act of the measurement and they do not exist in the same form prior to the
measurement.

But there is no need to panic. There is nothing sacred and incomprehensible
about the measurement and the issues of conscience, perception and religious beliefs
are not a part of it. Measurement is a dynamic physical process that represents
interaction of a microscopic system with a system comprising the Avogadro number
of other microscopic systems. It is a lopsided process but it can be understood,
analyzed and verified even within the existing framework of microscopic physics.

2] have once met a scientist who so believed in the physical reality of quantization procedures
that she thought of a special device based on a quantization procedure she worked on. The purpose
of the device was to manipulate quantum systems in a special way. She was most surprised to
learn that the device could not be made, because her quantization procedure did not and could not
correspond to any real physical process. The quantization procedure was merely a mathematical
mapping between certain macroscopic concepts and certain quantum properties, similar to the
mapping between Poisson brackets and commutators.
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This is indeed one of physics’ greatest accomplishments in the last 20 years of the
XXth century.

The difficulties of microscopic measurement can be understood better by pon-
dering what it means to observe.

We observe behavior of macroscopic objects by looking at them or looking at
instruments that, in turn, look at the objects. “Looking” at something implies that
we have a light source emitting photons, which bounce off the observed object, then
enter our eyes and get absorbed by the retina, which converts light into chemical
energy. The chemical energy activates nerves that transmit the signals to the brain,
which interprets them. The crucial link in this chain is where photons bounce off
the observed object. The amount of momentum transmitted from the photons to
the object is so small compared to the momentum of the object that the act of
illumination does not affect the object and its behavior appreciably. Consequently
we can ignore the effect that the light source has on the object. The planets do
not change their orbits and rotation because the sun shines on them. The anvil
sliding off the rotating wedge with the rough surface is not going to stop suddenly
and then jump back to the top, because a laboratory lamp has been turned or,

But suppose that instead of using a benign light source in the form of a candle
or a light bulb we were to use an exploding nuclear bomb. This would certainly
be an overkill and we would end up none the wiser, because the explosion would
obliterate anything we would try to look at. Yet this is very much what happens
in the microscopic world. Microscopic systems are so delicate, so fragile, that even
bouncing as little as a single photon against them can change their state dramati-
cally. This state of affairs is exacerbated further by the fact that the wavelength of
a photon is inversely proportional to its momentum. A photon of low momentum
has large wavelength, so it is not going to be a precise enough instrument with
which to observe microscopic systems. But if we attempt to select a photon with
wavelength sufficiently short to give us a well resolved picture of a microscopic ob-
ject, its momentum will be so large that it will destroy the object we are trying to
observe. Because the same relation affects all other elementary particles, we can’t
eliminate this difficulty by choosing, e.g., neutrons to observe microscopic systems
— although it is sometimes possible to get just a little further by observing with
particles other than photons.

But there is a yet another complication which is perhaps the weirdest of all
manifestations of quantum physics. Quantum objects such as photons and electrons

3Though a photographic emulsion, of course, is going to react with the incident light, unless it
is of a wavelength to which the emulsion is insensitive — but here we are almost at the border of
quantum physics, so let’s keep this particular example in the footnote.
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are non-local. They only turn into point-like energy discharges when they get
snatched away from their free-range status by a macroscopic measuring apparatus.
It is as if the apparatus sucked them into the point. All other free-ranging quantum
systems the measured particle interacted with prior to this act of kidnaping and
localization detect the sudden absence of their companion and react to it in various
ways. So in quantum physics it is not just the act of “shining light” onto an observed
object that affects it. The act of kidnaping bounced-off photons affects the object
too. It is as if the anvil sliding off a rotating wedge with a rough surface stopped
suddenly and jumped back to the top because we gave it a furtive glance.

Einstein, the great physicist of XXth century, could not stomach this. Yet stom-
ach this he had to, because this is what clearly transpired from laboratory experi-
ments. He responded by writing about “the ugly quanta” in some of his last letters.
But quanta aren’t ugly. They are what they are and the best way to make them
likeable is to understand their weirdness and seek to explore it.

So, what can we say about microscopic systems? After all we have been inves-
tigating them for some 100 years or so. Numerous Nobel prizes were awarded for
successful predictions pertaining to and then discoveries and exploitations of var-
ious microscopic phenomena. Devices such as lasers and semiconductor switches,
the functioning of which is based on principles of quantum physics, are incorporated
into common household appliances.

The first thing to observe is that microscopic systems are essentially unpre-
dictable. It is usually impossible to predict exactly what a given single electron
or a photon is going to do in various experimental contexts, although there are
some rare situations for which such predictions can be made. When a single micro-
scopic system is subjected to a “nuclear blast” of a measurement with a macroscopic
apparatus we end up with random read-outs, which, to make things worse, may
not always tell us what the microscopic system’s properties were prior to the mea-
surement. As we have already pointed out, some properties and perhaps even the
objects themselves appear to be made by the measurement.

But this random read-out is not necessarily white-random. If we repeat the mea-
surement over and over on microscopic systems that have been prepared in exactly
the same way, we’ll discover that there may be certain probability distributions
associated with experimental results. And these distributions, it turns out, can be
predicted with great accuracy.

Quantum physics is a discipline that tells us how to describe, manipulate and
predict evolution of probability distributions associated with measurements made
on microscopic systems with macroscopic measuring devices.

Much has been said in the past about universality of quantum physics (see, e.g.,
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[44] and references therein). At first glance quantum physics cannot be univer-
sal, because it describes interaction between microscopic systems and macroscopic
devices (the measuring apparatus or just a macroscopic environment — as far as
the microscopic system is concerned it’s the same thing). But microscopic systems
are always in the presence of some macroscopic environment so the question about
what microscopic systems may possibly do “on their own” may perhaps be just as
silly as the question about the number of angels that can dance on the tip of a
needle.

And then again, once physicists have a theory such as quantum physics in hand,
they always try to extend it and apply to phenomena that at first glance may be
beyond the theory’s original area of competence. This is a very worthwhile en-
deavor, because it is through such activities that our knowledge and understanding
of nature expands too. And so, one can try to observe microscopic systems with
mesoscopic devices — the present day technology allows, at last, for such measure-
ments to be carried out [40] [28] [47] — and one can then test, whether predictions
of quantum physics still agree with what such mesoscopic measurements return.
What we find then is that certain older formulations of quantum mechanics may
have to be ever so subtly revised and enriched in order to account for what the new
experiments tell us.

These activities are also of great importance to quantum computing, because
it is by these means that we learn how to manipulate microscopic systems to our
advantage. And it is exactly here that the frontiers of present day quantum physics
and computer science meet.

This is going to be our battlefield.

2.2 The fiducial vector of a qubit

A qubit is a quantum relative of a classical randomly fluctuating one-bit register.
It is the simplest non-trivial quantum system.

As is the case with randomly fluctuating one-bit registers, there are many possible
physical embodiments of a qubit. Qubits can be “natural”, e.g., a neutron placed
in a very strong uniform magnetic field of about 12T is an example of a natural
qubit — and we’ll work with this example a lot. Qubits can be engineered too, e.g.,
the so called quantronium circuit [52] makes an excellent qubit.

Yet, regardless of the details of their engineering, which can be sometimes quite
complex, qubits’ fiducial mathematics and dynamics are always the same. Qubits
can be described in terms of fiducial vectors indeed. Each entry in the vector
specifies a probability of finding a qubit in the corresponding configuration.



The Qubit A7

A qubit is a two-dimensional system (N = 2) in the sense that has been explained
in section on page[I9 This means that if we were to give a qubit a quick glance,
speaking figuratively, of course, since glancing at quantum objects is far from trivial,
we would find it in one of two possible states. These states are often referred to as
“up” and “down” and denoted by symbols

1) and ])

We may associate the binary number 0 with |T) (because 1) is often the lower
energy state of the two) and the binary number 1 with ||) and we end up with an
object that, like a bit, can be used for counting. And this leads to the following
notation that has been adopted in quantum computing;:

m = 10
) =11

A fiducial vector that describes a qubit is four-dimensional (K = 4) and can be
parameterized as follows:

1+7r?
1| 1—77
p= 2 1+7r* (2.1)
1+7rY
where
() + (r)* + (r*)* < 1 (2.2)

This fiducial vector very succinctly illustrates several fundamental differences
between classical and quantum systems. First, even though the system is two-
dimensional, its fiducial vector is four-dimensional (K = 4 = N?) [26]. We will no
longer have the trivial mapping between basis states and fiducial states that char-
acterized classical randomly fluctuating registers. In the quantum world fiducial
level description is quite different from the basis state level description.

The second thing to observe is that

3

: r? Y
>y =2
i=0 2

Vector p is normalized, but not in the classical sense. The normalization is restricted
to its first two components only, i.e.,

pPPpt =1

The basis states
of a qubit

Qubit computing

The fiducial
vector of a qubit
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In order to explain what this means we have to focus on a specific physical
realization of a qubit and describe how probabilities p° through p® can be

measured.
Magnetic Perhaps the simplest such realization is a beam of neutrons. Although
properties of the neutrons don’t have electric charge, they are known to have magnetic moment
neutron m
n = 1.913148 £ 0.000066 pn
where 5
ge 27 2
= =5.051 x 10°" A 2.3
N 2m, m ( )

is the nuclear magneton and where ¢. is the elementary charge, m, is the
mass of the proton, and h is the Planck constant divided by 2.

Spatially According to classical physics the mechanical energy of the neutron immersedfij
varying in magnetic field B i
magnetic field E=-p, B (2.4)
exerts a force on If the magnetic field varies in space then there is a force exerted on the neutron
the neutron. by the gradient of the magnetic field V B:
F=-VE=V(u, B) (2.5)
Suppose that B = axe,. For the magnetic field so defined V - B = 0
and V x B = —aey. B has vanishing divergence, as it should, and it can
be generated by current density j = —eoczaey. To be more precise, the

Maxwell equations tell us that there ought to be a B* component varying
with z in this situation too. The field has the configuration as shown in figure
Zn

The solution B = aze, corresponds to B along the x axis. We will
confine ourselves to the narrow neighborhood of the x axis then in order to
have B described by this formula.

The mechanical energy of the neutron immersed in B is —uZ ax and the
force acting on it becomes

F = pjae, (2.6)

Assuming that the neutron’s magnetic moment can point in every direction,
—pn, < pi < pin, which, in turn, yields force F = F¥e,, where

— pna < F* < ppa (2.7)
Generation of Suppose that a well collimated monochromatic and unpolarized beam of
the magnetic neutrons is fired in the y direction as shown in figure Then the beam
field with enters a chamber filled with B = aze.. On leaving the chamber the beam
required should fan out in the = direction.
properties. 4To brush up on the dynamics of a current loop in the magnetic field see, e.g., [21], section

15-1, “The forces on a current loop; energy of a dipole”.
5To brush up on the Maxwell equations see, e.g., [21], chapter 18, “The Maxwell Equations”.
6 Collimated means well focused, monochromatic means that all neutrons have the same energy
and momentum, unpolarized — well, this will be explained later; just read on. ..
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©J

€z

©J

Figure 2.1: The magnetic field configuration for j = 760020463/. The symbol ® to
the left of j stands for the tip of the arrow that points at the reader. We find that
B = axe, along the x axis.

left beam: ||)

incident beam

@B/ e

right beam: |1)
Figure 2.2: Splitting of the incident neutron beam by the chamber filled with

B = axe,. The symbol ® inside the box representing the chamber stands for the
tip of the arrow that points at the reader.

This is what classical physics says but this is not what happens.

Instead, the beam splits, as shown in figure [22] into two well collimated The beam splits
beams, one of which corresponds to F¥ = —u,« and the other one to F* = instead of
tna, and the whole middle that corresponds to —p,a < F* < ppa is missing. fanning out

This result tells us that as the neutrons encounter B = axe, they either

“align” or “counter-align” with the direction of the ambient magnetic field.

Furthermore, the “alignment” appears to happen instantaneously and in such

a way that no energy is released in the process. Nobody has ever managed to

capture a neutron that would be inclined under some angle to the direction

of the ambient magnetic field and that would then gradually “align” with it,

releasing the excess of —p,, - B in the process.

A classical physics phenomenon that resembles closely what we observe

here is a passage of a light beam through a birefringent crystal. The crystal The splitting of
the neutron
beam resembles
the splitting of a
light beam by a
birefringent
crystal.
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splits the beam into two components, which become physically separated from
each other. Each component is linearly polarized in a direction perpendicular
to that of the other component.

Drawing on this similarity we refer to the two neutron beams that emerge
from our apparatus as fully polarized. The beam that corresponds to F* =
puna will be deflected to the righ‘cE and the beam that corresponds to F* =
—una will be deflected to the left. All neutrons in the right beam have their
u,, aligned with B and all neutrons in the left beam have their p,, aligned
against the direction of B. Let us call the state of the ones in the right beam
[T) and the state of the ones in the left beam ||).

Normalization Now we can ask questions about neutrons comprising the incident beam.
of the fiducial We can ask, for example, about the probability that a neutron entering the
vector chamber will emerge from it in state |1). This probability is po. We can then

ask about the probability that a neutron entering the chamber will emerge

from it in state ||). This probability is pl. Because the chamber does not

swallow neutrons, every neutron should emerge from it in either of the two

possible states. Consequently the probabilities p° and p' must add to 1:
pl+p =1

This is accomplished automatically by the parameterization:

P’ = % (1477)
1
p= 2 (1=r7)
where —1 < r* < 1.

Rotating the If we were to rotate the whole set up about the y axis by 90° clockwise,
chamber by 90° we would end up with the chamber filled with B = $ze,. Trying again the
lets us measure classical description, the energy of a neutron entering the chamber would be
2 FE = —ui Bz and the force exerted on the neutron would be F = —VE =

p-.

uyBe,. This time the beam of incident neutrons should fan out in the z
direction. And this is again wrong, because the beam will instead split in the

z direction, the two new beams corresponding to F* = u, 0 and F* = —u, 3
with the whole middle —p,8 < F* < pn missing. This is shown in figure
2.9l

Neutrons in the upper beam have their magnetic moments p,, aligned
with the direction of the magnetic field B = (Bze,, whereas neutrons in the
lower beam have their magnetic moments aligned against the direction of B.
Let us call the states of the neutrons in the upper beam |—) and the states
of the neutrons in the lower beam [«). We shall call the probability that a

"Birefringence is discussed in [I9], section 33-3, “Birefringence”.
8Here we assume that the three vectors ey, ey and e, have the right hand screw orientation,
i.e., as you rotate from e; to e, you move up in the direction of e,. We also assume that o > 0.
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upper beam: |—)

©B

€y

incident beam / ‘

lower beam: |<)

Figure 2.3: Splitting of the incident neutron beam by the chamber filled with
B = (ze,. As before, the symbol ® inside the box representing the chamber
stands for the tip of the arrow that points at the reader.

neutron incident on the chamber emerges from it in the upper beam p? and

we’ll parameterize it by
2

= ()
where —1 < r® < 1. The probability that the neutron emerges from the
chamber in the lower beam is then 1 —p? = % (1 — r%), because every neutron
that enters the chamber must leave it either in the upper or in the lower
beam.

Finally, consider shooting the beam in the y direction into the chamber Measuring p3.
pervaded by B = yxe,. Neutrons entering the chamber acquire energy E =

n - B = —p%~vx and they will be subjected to force FF = —VE = p¥ve,.
Classically, on leaving the chamber the beam should fan out in the x direction
and, again, this is not what is going to happen. The beam will split in the
x direction producing two new beams, which will correspond to u,, aligned
with B = yzey (the right beam) and aligned against the direction of B (the
left beam). This is shown in figure 241

Let us call the state of neutrons in the right beam, i.e., the ones aligned
with B, | ®) and the state of neutrons in the left beam, i.e., the ones aligned
against the direction of B, | ©®). We have used this notation already in figures
and 23] Symbol ® is suggestive of an arrow flying away from the reader
— in this case the arrow points in the direction of the beam itself. Symbol ®
is suggestive of an arrow flying towards the reader — in this case the arrow
points against the direction of the beam.

We can ask about the probability that a neutron entering the chamber
will leave in the | ®) state. This probability is p* and we can parameterize it
by

3 _

P 1+

l\.')\»a
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where —1 < r¥ < 1. The probability of finding the neutron in the | ®) state
will be 1 — p® = 1 (1 — 1Y), because every neutron that enters the chamber
must exit it either in the | ®) or in the | ®) state.

Observe that we cannot measure simultaneously p°, p? and p®. The appa-
ratus needed to measure p° is oriented differently from the apparatus needed
to measure p? or p>. In order to measure all three quantities we have to
subject the beam of identically prepared neutrons to all three measurements
separately.

left beam:

woll

incident beam /
€y \

right beam: | ®)

Figure 2.4: Splitting of the incident neutron beam by the chamber filled with
B = vyxe,. The arrow above B indicates that the magnetic field inside the chamber
points to the right.

The measurements do not represent mutually exclusive alternatives either.
If we were to produce a polarized beam in the |) state and then pass it
through a device that should split it between |—) and |<) states, the beam
would indeed split and it would split, in this case, evenly. This is why the
components of the fiducial vector p add to more than 1. Yet, in order to fully
characterize the state of a qubit, we have to measure all three probabilities:

p’, p* and p°.
2.3 Polarized states

Now that we know how to measure probabilities that form the fiducial vector p
of a qubit, let us consider certain special situations. We shall focus again on the
neutron beam embodiment of a qubit.

Suppose the beam is fired in the y direction whereupon it enters a chamber filled
with B = axe,. The beam will split in the x direction so that neutrons in state
|T) will shoot to the right and neutrons in state |]) will shoot to the left as shown
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in figure The fiducial vector that describes neutrons in the right beam looks

as follows:
1

= ok

0.5

Vector r that sits inside p points upwards
r=e,

The fiducial vector that describes neutrons in the left beam is

0

D=1 o5

0.5
Vector r that sits inside p points downwards this time
r=—e,

Observe that p? and p? in both fiducial vectors are not zero. This is because in both
cases we have that r* = r¥ = 0, but this merely leaves p> = p* = 1 (1+0) = 1.
What does this mean?

Let us take the right beam (neutrons in state |1)) and let us direct it into an-
other chamber filled with B = (3ze, as shown in figure The fiducial vector
that corresponds to |T) tells us that the beam will split in this chamber evenly,
i.e., approximately half of all neutrons (remember that probabilities become exact
measures of what is going to happen only when the number of neutrons in the
beam becomes infinite) that enter it will swing upwards and the other half will
swing downwards. This prediction pertains to the statistical ensemble only. We
have no means of predicting what any given neutron is going to do. It may just as
well swing upwards as downwards, much the same as a well thrown coin can land
just as well heads up or tails up. In any case, half of all neutrons, on average, will
emerge from this chamber in the |—) state and the other half will emerge in the
|<) state. Their corresponding fiducial vectors will be

0.5
SR R
= .

0.5

A fully polarized
beam is split
again.
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and

0.5
_| 05
|—) = r=—e,

0
0.5

At first glance we might think then that |1) is a mixture of |—) and |«). But it
is not so as the following calculation showd2

0.5 0.5 1
0.5 0.5 1
0.5 1 + 0.5 0 =05 1
0.5 0.5 1

This fiducial vector corresponds to = 0, not to » = e,. The state of the beam has
been changed by interaction with the second chamber and whatever information
was stored in the input state has been irretrievably lost. Whereas the input state
was fully polarized, the output state contains no useful information: it is all white
noise.

We will learn later that |T) is related to |—) and |«) indeed, but it is not
a mixture of these two states. Instead we will find in chapter [ that it is a
superposition of these states. We will be able to write
1
= — (|—=)+ [«
I 7 (I=)+ 1<)
but this will not translate into
1
Py =5 (PH +P\~>)
As we have remarked earlier, the relationship between basis states and fiducial

vectors in quantum physics is far from trivial.

Let us go back to the right beam that emerged from the first chamber, the beam
that was in the |T) state. If instead of directing this beam into the chamber filled
with B = (ze, we were to direct it into a chamber filled with B = axe,, i.e.,
a chamber that works exactly the same way as the first chamber, we would find
that all neutrons entering the chamber would be swung to the right. This means
that this time the chamber would not change their state. Instead the chamber
would merely confirm the state of the incident neutrons. This is one of the rare
circumstances in quantum physics when we can predict with certainty what is going
to happen to every individual neutron.

9We're getting a little ahead here. Mixtures of qubit states will be discussed in section 24}
page
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This behavior is very similar to the behavior of photons passing through
a series of polarizing plates. Suppose the first plate polarizes incident light
in the z direction. If we insert a second plate behind the first plate and
rotate its polarization axis by 90° relative to the first plate, no photons will
pass through the two plates. If we rotate the polarization axis of the second
plate by 90° again, both plates will have their axes aligned and every photon
that passes through the first plate is guaranteed to pass through the second
plate as well. We can make this prediction with certainty about every photon
incident on the second plate. But if the second plate has been rotated by
45° relative to the first plate, only about a half of the photons incident on
the second plate will be transmitted. Yet, we have no means to make exact
predictions about any individual photon incident on the second plate in this
case. We can only make predictions about the statistical ensemble that, in
this case, corresponds to the beam of the incident photons.

So far we have contemplated polarized states aligned with one of the three prin-
cipal directions, x, y, and z only. What about a state described by vector r of
length 1 but tilted arbitrarily? We can describe components of such a vector by
using spherical coordinates 6 and ¢ (see figure [2.])

sin 6 cos ¢
= sin @ sin ¢
cosf
The corresponding fiducial vector is
14 cosé
1 1—cosf

2| 1+4sinfcoso
1+ sin@sin ¢

If we were to shoot a beam of neutrons so polarized in the y direction and through
the chamber filled with magnetic field parallel to » and varying linearly in the
direction perpendicular to r all incident neutrons would swing to the same side in
the direction perpendicular to r. If we can find such a direction by trial and error
and confirm that all neutrons swing to the same side indeed, we’ll know that the
incident beam is fully polarized.

It is the same as with polarized light. If we have a fully polarized incident light
beam and a polarizer, we will always be able to find an angle of the polarizer that
lets all incident photons through. If, on the other hand, some photons get absorbed
for every angle of the polarizer, the incident beam is not fully polarized. It is a
mixture of photons polarized in various directions.

Neutron and
photon
polarization
states are very
similar.

Neutron beam
polarized in an
arbitrary
direction

0 is the angle
between e, and
T.

¢ is the angle
between e, and
the projection of
T on the
equatorial plane,
z=0.

Procedure that
tests whether
the incident
beam of
neutrons is fully
polarized

Procedure that
tests whether
the incident
beam of photons
is fully polarized
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Fully polarized states of a neutron beam are described by vector r of length r of length 1
1 pointing in some arbitrary direction. Such states are pure. They cannot be describes fully
produced by mixing neutrons of various polarizations. We have seen what happened polarized states
when we tried to mix neutrons in state |—) with neutrons in state |«). of neutron
The set of all pure states of the neutron beam corresponds to the surface traced beams
by vector r of length 1 as it points in all possible directions. This is the surface of
a sphere of radius 1. This sphere shown in figure is called the Bloch sphere.

Figure 2.5: The Bloch sphere. The radius of the Bloch sphere is 1. All vectors
shown in the figure touch the surface of the Bloch sphere with their tips. 6 is the
angle between e, and r and ¢ is the angle between e, and the projection of r» on
the equatorial plane.

2.4 Mixtures of qubit states

Consider two qubit states. One given by

1+rf
R
LEN B

1+7rf



The Qubit 57

and the other one by

1473

1 1-r3
P2 =3 147y
147y

We can construct a mixture of the two states in the same way we constructed
mixtures for classical randomly fluctuating registers. The state of the mixture will
be given by:

p = Pip; + Pap,, (2.8)

where P; + P, = 1. What is going to be the resulting vector r for the mixture?

147§ 147§ P+ P, + Piri + Porj

_P1 1—-7f +P2 1—Tf _]. P1+P2—P1’I“f—P2’I“§
P=59 1 147 2| 1477 | = 2| Pi+ P+ Pir?+ Py
147y 147y Py + Py + PirY + Pory

We can now make use of P; + P> = 1 to collect this into:

1+
1 1—r*
1+ r®
147Y

where
r=Pri+ Pry

Suppose that both states that comprise the mixture, i.e., p; and p, correspond to
fully polarized states, i.e., states for which r; - 7; = 1, where i = 1 or ¢ = 2. Let us
see now how mixing affects the length of r.

r-r = (Pir1+ Parg) - (Piry + Pora)
= (PET’% —+ 2P1P2’I°1 * T2 +P22T§)
= (P12+2P1PQCOSQ+P22>

where 6 is the angle between r; and r5. When 6 = 0 we get
ror=(PP+2PP,+ P} =(P+P)=1=1

but this is not a mixture, because § = 0 means that p; = p,. For a real mixture
0 # 0, which means that cosf < 1. In this case we get that

r-r=(Pl+2PPycosf+ P7) < (P{ +2P P+ Pj) =1

Mixtures of
qubit states are
constructed the
same way as
mixtures of
states describing
classical
randomly
fluctuating
registers.
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We see that mixing two fully polarized (and different) states results in a state with Mizing fully

a shorter 7. polarized qubit
This means that states that fill the interior of the Bloch sphere are all mixtures. states produces

It also confirms that the fully polarized, pure states on the Bloch sphere cannot @ state with

Bloch ball be produced by mixing other states, because mixing always delivers a state that is Il < 1.

located somewhere inside the Bloch sphere. The pure states on the Bloch sphere

are extremal, which is in agreement with our definition of pure states given on page

Set S of all possible physical mixtures and pure states of a qubit™ forms a ball

of radius 1. This ball is called the Bloch ball.

Set S of all possible qubit states is quite different from the set of all
possible states of a randomly fluctuating classical register. The latter is edgy
with pure states well separated from each other. On the other hand pure,
i.e., fully polarized states of a qubit form a smooth continuous surface, the
Bloch sphere. The only reversible Cinderella transformations for a randomly
fluctuating classical register were permutations of its pure states and the
resulting transformations of mixtures. None of them were continuous. On
the other hand, we have an infinite number of continuous reversible Cinderella
transformations of a qubit, because a sphere can be mapped onto itself in an
infinite number of rotations.

Consider a mixture state given by r where ||r| < 1. We can always rotate our
system of coordinates to align z with r and we can always rotate the chamber that
splits the incident neutron beam accordingly. Without loss of generality we can
therefore assume that » = re, and 0 < r < 1. The fiducial vector that describes
this mixture is

147
1 1—r
P=351 1
1

A mized beam Because 0 < r < 1 we find that 0.5 < p° < 1 and 0 < p' < 0.5. This result tells
splits for every  us that for the mixture state the incident beam is always going to split, even if we

possible happen to adjust magnetic field inside the chamber so that it is parallel to . There
direction of the
magnetic field
in the beam

will be always some neutrons that will swing to the left, even if most (or at worst
a half for » = 0) will swing to the right. The beam is not fully polarized. On the

splitting 10Compare with set S for a classical randomly fluctuating register, figure [[L4] on page [Tl
chamber.
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other hand, each of the two beams that leave the beam splitter, is fully polarized.
The one that swings to the right is described by

1
1| o
Pn=35 | o5
0.5

and the one that swings to the left is described by

0
1] 1
Pn=351 o5
0.5

2.5 The measurement

Consider a general fully polarized state given by

1+ cosf

1 1—coséd
T 2| 1+4sinfcoso
14 sinfsin ¢

Let us dwell a moment on what happens when this state is subjected to a full set
of measurements as described in section on page

Suppose the first measurement splits the beam in field B = axe,. The measure-
ment is going to align or counter-align each incident neutron with e,. Approxi-
mately (1 + cosf) /2 of all incident neutrons will swing to the right and will emerge

from the apparatus in state
1

. 0
P =1 o5

0.5

The remaining neutrons, (1 — cos#) /2 of the incident neutrons, will swing to the
left and emerge from the apparatus in state

0

Py =1 o5
0.5

Splitting a fully
polarized beam

described by an
arbitrary vector
T.
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We can now merge both beams creating a new state:

1 1
p = 5(1+cos€)pm+§(1—cosﬂ)p|l>
1+ cosf
_ 1 1—cost
2 1
1

The corresponding vector r is given by

cos
r= 0
0

The length of this vector is 1 only for §# = 0 which would mean that we have
managed to align B inside the splitting apparatus with the original direction of r.
Otherwise 2 < 1. The state created by merging beams that left the beam splitter
is a mixture. We see here that the act of measurement destroys the original state
and that state cannot be reconstructed by merely merging the two beams together.
The act of measurement destroys information about the other angle, ¢.

Wouldn’t we be luckier then trying a measurement against B = Gze,?

Let us try this option. The measuring apparatus in this case is going to split
the beam so that (1 + sin 6 cos ¢) /2 of the incident neutrons will swing up. These
neutrons will leave the apparatus in state |—) described by

0.5

|l 05
P—) = 1

0.5

The remaining (1 — sin 6 cos ¢) /2 of the incident neutrons will swing down leaving
the apparatus in state |«) described by

0.5

| 05
P =1 o

0.5

Merging the two beams together will produce the state described by

1
(1+sinfcos¢) p,_y + 3 (1 —sinfcos o) p|_

N =

p:
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1

1 1

~ 2| 14sinfcoso
1

The corresponding vector r is given by

0
r=| sinfcos¢
0

Only for § = 90° and ¢ = 0 is r? = 1. For all other angles 2 < 1 and so we end up
with the mixture again.

Carrying out this measurement alone is not going to tell us much about either
0 or ¢. All we are going to see is some r < 1 and r pointing in the direction
of e;. Great many combinations of 8 and ¢ can produce such r = re,. But
if we were to perform this measurement after the previous measurement on an
identically prepared neutron beam, we would already have 6 and this should give
us cos¢. Yet, knowing cos ¢ still does not let us determine r uniquely, because
cos ¢ = cos (360° — ¢). We would have to find about the sign of sin ¢ in order to
determine ¢ uniquely. And it is here that the third measurement against B = vyxe,
comes in.

Every measurement we have discussed in this section converts a pure state into a
mixture, unless it happens to confirm the pure state. The resulting mixture contains
less information than the original state. One has to carry out three independent
measurements on the incident beam, ensuring that the state of the beam does not
change between the measurements, in order to reconstruct the original state of the
beam.

How would we go about measuring a mixture? The procedure discussed
above refers to the fully polarized state, so we assume from the beginning
that » = 1. We would still measure the three probabilities that would yield
r® = rsinfcos ¢, r¥ = rsinfsin ¢ and r* = r cosf. Squaring and adding the
three components will give us (r*)* 4 (r¥) + (r*)* = r? and hence r. Now we
can divide each of the three components by r and we end up with the same
problem we had for the fully polarized state, i.e., we get 6 from r*/r, then
cos ¢ from r*/r and finally we would get the sign of sin ¢ from 7¥/r in order

to determine ¢ uniquely.

Three
measurements
are required to
determine ¢ and
0 uniquely.

Measuring a
mizture
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2.6 Pauli vectors and Pauli forms

The generic form of the qubit fiducial vector

1+7r?
R B
P=5| 14,0
147Y
can be rewritten in the following way
1
p=5 (§1+ 7%y + 1Y, +176,) (2.9)
where we are going to call
1 0 0 1
1 0 0 -1
si=1 4 Se=| 4 Sy=1 o S, = 0 (2.10)
1 0 1 0

Pauli vectors. Although Pauli didn’t invent these four vectors, they are very closely
related to Pauli matrices and fulfill a similar role to Pauli matrices within the fidu-
cial formalism. We are going to use the wiggly symbol ¢ (pronounced “varsigma’)
for Pauli vectors bowing to tradition, because its close relative, the Greek letter o
(pronounced “sigma”), is used commonly to denote Pauli matrices.

Pauli vectors can be represented in terms of canonical basis vectors of the fiducial
space

1 0 0 0
ey = 0 e L e 0 e 0
0 — 0 ;€1 — O ;€2 — 1 €3 — 0
0 0 0 1
as follows:
S1 = ey+et+extes
Sz = €2
gy = eS
S: = ey —e (2.11)
This can be easily inverted to yield e; in terms of ¢;:
1
€ = 7(§1+§z_§x_§y)

2
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1
e = §(<1fczf<mf<y)
€ = Gy
e3s = G (2.12)

We are also going to introduce four Pauli forms defined by

¢t = (1,1,0,0)

¢ = (-1,-1,2,0)

¢V = (-1,-1,0,2)

¢ = (1,-1,0,0) (2.13)

Pauli forms are dual to Pauli vectors, meaning that™d
(c"6j) =20, i,j=1wy,z2 (2.14)

From this we can easily derive that

(sh,p) = 1
(s".p) e
(s¥,p) Y
(¢*,p) = 17

We can therefore use Pauli forms as devices for extracting r*, r¥ and r* from
arbitrary fiducial vectors p.
It is easy to express canonical forms

Ww® = (1,0,0,0)
wb = (0,1,0,0)
w? = (0,0,1,0)
w? = (0,0,0,1)

in terms of Pauli forms and vice versa

1
wO _ §(§1+Cz)

111t would be quite possible to redefine Pauli vectors or forms so that there wouldn’t be a 2
in front of §%; in equation (ZId)). The reason for the 2 factor is the 1/2 in the definition of the
fiducial vector p. The 1/2 in p in turn carries from the density operator formalism, from which
the fiducial formalism derives. There we have that p = % 1+r*os + rYoy + r?o,) where o,
i = x,y, z are the Pauli matrices and 1 is the identity matrix.

Pauli forms

Pauli vectors
and Pauli forms
are mutually
dual.

Pauli forms
extract r from

p.
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1
(.dl _ 5 (§1 . CZ)
2 1 1 T
W' = (' +¢")
1
W= 3 (¢"+¢¥) (2.15)
and
<= Wt
@ = —wh — ! 4 2w?
¢ = —w'—w!'+23
¢ = Ww—w! (2.16)

But we can do more with Pauli forms and vectors, since they form natural bases
in the fiducial vector and form spaces of the qubit.

The first thing we are going to do with Pauli forms and Pauli vectors is to form
metric tensors in the fiducial vector and form spaces. The metric tensor g in the
fiducial vector space is defined as follows:

1
9=§(<1®<1+§m®cw+§y®<y+§z®cz) (2.17)

Its counterpart in the fiducial form space, g, is defined by
~ 1 1 1 x T Yy Yy z z
9—2(c ' +¢" R +¢? @Y +¢* ®Y) (2.18)

Metric tensors g and g can be used to convert vectors to forms and vice versa.
Consider the following;:

} 1 o

(@.5) = (5 D s@ds)
i=1,z,y,z

1 o .

= 5 D sw=d
i=1,2,,2

Similarly

(s9) = <<ié D osieg)

j=Lz,y,z

1 )
= 5 > W=

J=lr,y,z
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Converting Without much ado we can use the above to convert the fiducial vector p to its
vectors to forms dual fiducial form p Fiducial form of
3 3 a qubit
p = (g.p)
1
= 5 (T HrTeT 4V 41767
1
= 5(1—r1frerrZ,l—rIfry—rz,Qrz,er) (2.19)

And it works in the other direction too

p=(p,g) (2.20)
Metric tensor g can be used to evaluate length of vectors in the fiducial space, Using g to
hence its name, “the metric”. To evaluate the length of p proceed as follows: measure the
length of p.
(9. p®p) = <1 Y dedpap) (2.21)
g,pP P 2 e ) .
1
= 5(1 1+t 4 YV ) (2.22)
1
= 3 (1+7-7) (2.23)
The same can be obtained by evaluating (p, p) or
14
1 1 —r
5(1—7'96—ry—|—rz,1—7‘x—ry—rz,Qrz,er)-§ i_‘_:w
147Y
For fully polarized states, the pure states, we have that - » = 1 and so (p,p) =1 for
) fully polarized
(p,p) =1 states
For completely chaotic states, i.e., states for which » = 0 (p,p) =1/2 for
fully chaotic
. 1
(p,p) = 3 states

12 The notation r*¢* +r¥g¥ +r?¢* does not look quite as elegant as r*c, +7rYg, +1r%s, because
indexes x, y, and z are on the same level, instead of being placed on the alternate levels, as we have
emphasized in section [[L71 The reason for this is that form p has been generated by conversion
from vector p. Still, we can rescue the situation by lowering indexes on 7, i.e., by rewriting the
r dependent part of the form as r;¢* + ry¢¥ + r.¢*. We can do this because in orthonormal
(Cartesian) coordinates r® = 7,4 = z, vy, 2.
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Tensors g and g have matrix representations, which can be derived from
fiducial representations of Pauli vectors and forms. The procedure is some-
what laborious, but what comes out eventually are two symmetric matrices:

2 0 1 1
10 2 11
9=31 1 1 2 1 (2.24)
11 1 2
and
4 2 -2 -2
1 2 4 -2 -2
9= =2 2 4 o (225)

-2 =2 0 4
It can be checked easily that ||g|| = ||g|| ™", i.e., that matrix that corresponds
to g is the inverse of the matrix that corresponds to g.
But there is a better way to see that g and g are each other’s inverses.
Consider (g, g) not contracted fully, but instead contracted on one vector and
one form only. The results is

0=-(c'®a1+¢"®c,+¢"®¢, +¢° ®5.)

N

The reason there is only one % in front is because the other one cancels with
the factor of 2 thrown out by the contractions. It is now easy to see that
this new object is simply the Kronecker delta or, in other words, the identity,

because it converts an arbitrary fiducial vector p into itself. Indeed

(5,p>:% > <<i,p><i:% > 2plai=p

i=1,z,y,2 i=1,x,y,2

As we used Pauli forms ¢' through ¢* to extract vector r from p, we can use
Pauli vectors ¢; through ¢, to extract r from p:

(Pis1) = 1 (2:26)
(D,Sz) = T2 (2.27)
(D,Sy) = Ty (2.28)
(D,s2) = 72 (2.29)

2.7 The Hamiltonian form

The Hamiltonian form for a qubit is given by 13 14
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N = —p(Bs" + Bys” + B.¢%) (2.30)

If the qubit is implemented as a beam of neutrons, then p is the magnetic moment
of the neutron and B = B, e, + Bye, + B.e, is the magnetic field. But a qubit
may be implemented in other ways too, and then the physical meaning of y and B
is bound to be different. Yet the Hamiltonian form still looks the same.

Coefficients B, B, and B, can be extracted from the Hamiltonian form n by
the application of Pauli vectors to it:

(m,s1) = 0

(mcz) = —2uB,
(m,sy) = —2uB,
(ms:) = —2uB;

The reason we get —2u B, instead of just —uB, is because there is no 1/2 in front
of 1, and remember that (¢?,¢;) =2 for i = z,y, 2.

The Hamiltonian form is used to calculate the average value of the energy over the
statistical ensemble of qubits described by the fiducial vector p. The formula®™ looks
the same as formulas we have derived for classical randomly fluctuating registers in
section [[LE] page

(E) (n,p)

- 1
<_/~‘ (Bos™ + Bys” + B:6%) 5

(61 + 7%, + 1V, + rzcz)>
—p (Bgr® + Byr? + B.r7)

This expression looks exactly like the classical expression that describes the energy
of magnetic dipole g in magnetic field B

E=—p-B (2.31)

13Here we keep indexes z, y and z on B down, because we really want to use B as a form, not as
a vector. This makes no difference computationally, because B; = B*,i = z,y, z in orthonormal
(Cartesian) coordinates. See footnote [[2] on page

14 There is a reason why we have chosen 7 for the Hamiltonian form. The usual letter used for
the Hamiltonian operator in quantum mechanics is H. But we need a low case Greek letter here.
Since H happens to be the Greek capital letter version of “eta”, the low case of which is n, we
end up with 7 for the Hamiltonian form. The Greek word from which the word “energy” derives
is evepyeta, which means “activity” or “effect”. It begins with e, not with 7.

15This formula is equivalent to (E) = Tr (Hp), where H is the Hamiltonian operator and p is
the density operator.

Eaxtracting B
from m with
Pauli vectors

The
Hamiltonian
form is used to
calculate the
average enerqgy
over the
statistical
ensemble of
qubits.

The quantum
formula is
strikingly
stmalar to the
classical formula
that describes
the energy of a
magnetic dipole
m a magnetic
field.
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if we identify

w=—pl| rv (2.32)
,rZ
But we must remember that in the world of quantum mechanics 7 is the vector that
parameterizes probability measurements made on the statistical ensemble of, e.g.,
neutrons, and does not represent the space orientation of the individual neutron.
The give-aways that separate the quantum formula from its classical cousin are the
angular brackets around the E.
As we could convert the fiducial vector p to the fiducial form p by contracting p
with metric g, similarly we can convert the Hamiltonian form to the Hamiltonian
vector by contracting the form with metric g:

n=(n9) = —p(Bssz + Bysy + B.s.) (2.33)

The measurement of average energy on the statistical ensemble that corresponds
to p can be then expressed also in this way:

(E) = (p,m) (2.34)

Interchangeabilityfforms and vectors are interchangeable — as long as we remember to interchange

of forms and
vectors
Energy of the
basis states

both at the same time!

It is instructive to evaluate the Hamiltonian form on the basis states |1) and
|l). Remember that neutrons in the beam always align or counter-align with the
direction of the magnetic field. The basis states |1) and ||) can therefore be observed
if a neutron is placed in B = Be,. For the |1) state we have r = e, and for the ||)
state we have r = —e,. Hence

(n,1)=—uB (2.35)
and
(n,1) =nB (2.36)

The energy difference between the two states is
AFE = Eu> - E|T> = 2/J,B (2.37)

Suppose we take a neutron in the ||) state and stick it in the chamber filled
with B = Be,. Initially the neutron is going to maintain its original orientation of
the magnetic moment. But this orientation is not stable, because there is another
orientation possible with lower energy, namely
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[T). Consequently the neutron will eventually flip to the lower energy state, releasing
a photon of energy 2uB in the process.

The photon release and flip is called dissipation. It is quite unpredictable al-
though the so called half-life of the higher energy state can be measured for various
circumstances. Dissipation is amongst the main causes of errors in quantum com-
puting, so a better understanding of this phenomenon is clearly called for. We will
present a simplified model of dissipation in chapter [l

The frequency of light emitted in the dissipation process is given by

AE =2uB = hw

which yields
2uB
w=—

h
The important thing to note here is that we never observe neutrons emitting smaller

(2.38)

portions of energy in this process (which would result in w < 2pB/h). This means
that the flip does not proceed by going through some intermediate states, which
we could interpret as various angles of tilt between “up” and “down”. The neutron
switches instantaneously between the two opposite and discrete configurations with-
out going through intermediate states, because ... there aren’t any to go through.
If there were, we would have seen them in the beam splitting experiment.

2.8 Qubit evolution

Amongst most astonishing discoveries of quantum mechanics is that whereas the
behavior of any individual microscopic system is chaotic and in general unpre-
dictable, yet probability distributions that pertain to microscopic systems can be
described with great precision and their evolution predicted accurately by the means
of deterministic differential equations.

This is not an entirely new situation in physics. For example the classical
diffusion equation is deterministic yet it can be derived from a microscopic
picture that assumes completely random molecular motion.

Yet in quantum mechanics the question “where do quantum probabilities
come from” remains unanswered™® and while the orthodox pronouncement

16 Although the question “where quantum probabilities come from” remains unanswered, there
have been various answers proposed. These range from the de Broglie-Bohm pilot wave theory
[8] through the Everett’s many-worlds interpretation of quantum mechanics [I3] and more. The
reason for our statement that this remains an unsolved problem is that none of the proposed
solutions, which are all mathematically sound, have been verified experimentally.

Energy
dissipation

Quantum
probability
distributions
evolve
deterministicly
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states that quantum probabilities are fundamental and unexplainable, most
physicists and chemists who work with quantum mechanics daily have a vague
picture in their mind that associates the wave function of a particle with a sort
of tension traveling through space — wherever the tension is greater the particle
is more likely to materialize. In the absence of macroscopic environments the
particle is dissolved in the “tension wave” and non-local, but as soon as it
encounters a “measuring apparatus” (it can as well be a large lump of matter
without any dials, the particle doesn’t care) the whole shebang shrinks and,
pronto, we get a point-like energy transfer: the particle has been registered.

Professional physicists and chemists are usually very careful not to di-
vulge, especially to their colleagues and students, their feelings on this mat-
ter [4] and just stick to the lore. It is only in the most intimate moments of
marital bliss that a spouse may overhear the physicist or the chemist uttering

an illicit thought about quantum ontology in their sleep or under shower.

Limited The equation we are going to introduce in this section does not describe every
applicability of  aspect of microscopic behavior. For example, it does not describe the measurement
the Schrodinger  process or the dissipation process. In order to analyze these processes we will
equation have to advance to multi-qubit systems, because both derive from interactions of a
qubit with its environment. The environment, that can be modeled by other qubits
our selected qubit interacts with. In simple though quite informative models it is
enough to add just one more qubit to the description.
The evolution of a single qubit in presence of a possibly varying “magnetic field”
B is given by the following equation

1
—p = — D 2.39
P =g nepe (2.39)
where
€= Z e ® Sj DSk (2.40)
i,J,k€{z,y,z}

where €% = 41 for i = x, j = y, k = z and even permutations thereof, —1 for odd
permutations and 0 otherwise.

The pedigree of Equation (Z:39)) is due to many people, beginning with Schrédinger who guessed

equation (Z.39)  its form for the wave function (already mentioned in the aside above). The Schrédingerf]
equation was later enhanced by Pauli to describe wave functions of magnetized par-
ticles. Then von Neumann modified the Schrédinger equation still further to de-
scribe evolution of the density operator (mentioned in previous sections). Finally,
equation ([2:39) was obtained from the von Neumann equation by taking special
projections that yielded directly measurable probabilities p* through p?® [26] [53].



Why equation

(Z239) is better

for us.

The Qubit 71

At the end of the day, all these equations describe exactly the same phenomena,
but equation (2:39) yields results that can be interpreted directly and without a
lot of additional gymnastics. Because the original Schrédinger equation as well
as its Pauli extension were simply guessed and cannot be derived from simpler
assumptions by a meaningful reausoningl:IZZI and because equation ([2:39) is equivalent
to the Schrodinger-Pauli-von-Neumann equation for a qubit, we are basically going
to stop right here. We can just as well say that equation (Z39) has been guessed
and defer its verification to laboratory experiments.

Tensor € given by equation ([2:40) was invented by Levi-Civita. It is the same kind
of a device that is used in calculating the wvector or cross product of two vectors.
We will see shortly that equation (Z39) translates easily into equation for dr/dt¢ in
which the cross product appears on the right hand side.

Let us substitute our generic parameterizations for p and 7 in equation (2.39).
Recall that

1
p==(s1+7%, + 1Y%, +r7%,)

2
Substituting this into the left hand side of equation ([Z39)) yields
d  1dr® 1drY 1dr?

—p=-—— Gy —— ¢, 2.41
at? 2dt§+2dt€y+2dt§ (2.41)

The term proportional to ¢; is constant and so its time derivative vanishes.

The devil is in the right hand side of equation (Z39), but we can outwit him by
recalling that

<777 §i> = _QIU’BZ for i= x,Y,z
and
<i)7§i>:’ri for ’i:I,y,Z

Plugging these formulae into the right hand side of equation ([2:39)) and using the
notational shortcut ¢, A ¢y = ¢, ® ¢y — ¢y ® ¢ yields

1 s
27h<n @ p, €>
1 -
= 57 ME@P,(S2 A 5y) ® 6z + (5 A S2) @ 6o + (S A 6a) D)
= *% ((Brry - By"”z) S, + (Byrz - BzTy) Sz + (BZTI - Bm"nz) Cy)

(rx B)"¢;+ (rxB)'s, + (r x B)*s,) (2.42)

St=

17The Schrédinger equation can be derived from Feynman rules about path integrals but it is
still unclear after 55 years whether the reasoning in this case is meaningful, even though Feynman
path integrals are used routinely to construct various quantum field theories and to carry out
numerical computations on discrete lattices.

Levi-Civita
tensor
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Finally, combining equations (241]) and [242) results in

d 2
—r:—'upr

T (2.43)

Equation (2.43) is basically the same as equation (239, but it is easier to read,
solve and interpret and it doesn’t use funny symbols such as (,), p and e.

The first thing to notice about it is that it does not change the length of 7:
d )

—r=—r-(rxB)=0

S or) = 9.
(r-r) Tdt -

(2.44)
on account of r X B being perpendicular both to » and B. This means that
solutions to equation (Z43]) will be given as rotations of vector r. If we begin with
a pure, i.e., fully polarized state, for which r - r» = 1, the state will remain fully
polarized. This is why we can say outright that equation (Z43]) cannot describe
measurements, because these, in general, reduce the length of r.

In the next two sections we will see that these rotations can be quite complex,
but at the same time, we will encounter a great deal of very interesting physics,
which is directly applicable to quantum computing.

2.9 Larmor precession

Consider a qubit described by the fiducial vector p in presence of the static (i.e.,
unchanging in time) and uniform (i.e., unchanging in space) field B = Be.. Sub-
stituting Be, in place of B in equation (243) results in

dr* 2p
dr¥ 21 4
dr?
= 0 2.47
¥ (2.47)

We will assume that the initial state of the qubit is fully polarized and so, as
equation (244 tells us, the qubit will remain fully polarized.

Equation (2Z:47) is easiest to solve. It says that r* = cos @ is constant (hence 6 is
constant too), which implies that the probabilities of finding the qubit in states |T)
and ||) are constant too.

Equations (245]) and (Z46]) are coupled in the same way that the position and
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the velocity are coupled in the equations of the harmonic oscillator. To see this let
us take the second derivative of r»* with respect to time.

d2r* ddr®  2uBdrY 2uB\* (2.48)
—_— = — = — _ T .
dt? dt dt h dt h
Similarly for r¥
2 2
d“rv _ 2uB "
de? h
Equation (Z48]) can be satisfied by the following ansatz Larmor

frequency
r(t) = r§ coswrt

which assumes implicitly that at ¢ = 0 r® = r§ = sinf and dr®/dt = 0. The

constant wy, is given by
_ 2uB

h
and is called the Larmor frequency after Irish physicist, Sir Joseph Larmor (1857-
1942), who was the first to explain the splitting of spectral lines by a magnetic
field.

r¥ can be obtained from equation (ZZ4h]), which states that

(2.49)

wr

1 d 1
r¥ = EETQC = —EWB‘ sinwpt = —r§ sinwpt
In summary, this is our solution
r® = sinfcoswrt (2.50)
rY = —sinfsinwrt (2.51)
r® = cosf (2.52)

The solution describes vector r, which rotates about the direction of B in such a Larmor
way that its projection on the direction of B stays the same, see figure Such a precession
motion is called a precession, hence this phenomenon is referred to as the Larmor
precession.

Although the probabilities of finding the qubit in |T) and ||) are constant, the
probabilities of finding the qubit in states |—) and | ®) change all the time. The
state remains fully polarized, i.e., pure, but the direction of its polarization precesses
around B.
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Figure 2.6: Larmor precession

The Larmor precession occurs with the angular frequency of wy, = 2uB/h, which
is the same as the frequency of the photon emitted as the result of the dissipative

transition from |T) to ||} (cf. equation (Z38) on page [69).
In order to evaluate probabilities of finding the qubit in various basis states we Finding the

have to substitute solutions ([Z.50), (2Z.51) and ([Z52)) into the fiducial vector p. probabilities
The probability of finding the qubit in state |T) is

1 1 0
p = 5(1+rz) = 5(1+COS€) 20052§
The probability of finding the qubit in state |]) is
1 1 0
pt = §(l—r2): 5(1—cos0) :sin2§

The probability of finding the qubit in state |—) is
, 1 1 _
=g (1+77) = 3 (1 +sinf coswrt)
and the probability of finding it in state | ®) is
s 1 1 s
=g 1+rY)= 3 (1 —sinfsinwrt)
Note that just placing the qubit in a static and uniform magnetic field B = Be,
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does not in itself result in the measurement, which is why the qubit remains in a
pure state, although the state itself varies with time. In order to measure the qubit
we have to pass it through a chamber where magnetic field has a non-vanishing
gradient. Another way to measure the qubit is to measure its own magnetic field
with very sensitive Helmholtz coils, which is how the results of computations are
read out in Nuclear Magnetic Resonance experiments.

If the qubit is implemented by other means, i.e., not as a microscopic magnet,
the physical meaning of B and p are different and then appropriate measurement
methods have to be devised.

The Larmor precession can be a parasitic effect in context of quantum computing.
Usually we want our qubits to just stay as they are. It is sometimes possible to just
switch B off between applications of various quantum gates. This, again, depends
on how qubits are implemented. In Nuclear Magnetic Resonance experiments B
cannot be switched off. In this case an elaborate procedure called refocusing must
be deployed to cancel the effects of Larmor precession in final account.

2.10 Rabi oscillations

The Larmor precession does not change the proportions of |1) to ||) in a qubit state
described by p. If we were to make the associations |T) =| 0) and |]) =| 1) then the
precessing qubit would stay put, as far as its computational value is concerned, even
though something would keep going inside it, so to speak. But Larmor precession
may have effect on computations in case the qubit couples to other qubits, so it
cannot be ignored.

The question for this section is how we can change the proportion of |T) to ||) in
a qubit, and, in particular, how we can flip |T) into ||) and vice versa in a controlled
way, i.e., without waiting for a dissipation event to occur.

There are various ways in which this can be accomplished. The simplest and
the most commonly practiced is to apply a small magnetic oscillation in the plane
perpendicular to the background magnetic field B. The result of this oscillation
will be a slow, very slow in fact compared with the Larmor precession, latitudinal
movement of the tip of vector 7. The latitudinal drift when combined with the
Larmor precession results in drawing a spiral curve on the surface of the Bloch
sphere that connects its two poles.

In order to analyze this effect in more detail we are going to solve equation (Z.Z3))
yet again, taking all components of B into account, although we are still going to

Larmor
precession as a
parasitic effect

Refocusing

Larmor
precession does
not affect the
computational
value of a qubit.

How to flip a
qubit?
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make some simplifying assumptions. Expanding dr/d¢t = (2u/kh) 7 x B in the z,y, z
coordinates explicitly gives us the following three equations

ar®
dt

ar¥
dt
dr?
dt

We are going to assume that

Approximations
made

= 2# (rYB* —r*BY) (2.53)
= 2# (r*B* —r*B*) (2.54)
= 2# (r*BY —rYB7) (2.55)

|B*| < |B7
|BY| < |B7
B? = const

We are also going to assume that the initial state is fully polarized, which implies
that the solution for all values of ¢ must be fully polarized too.
Since B* and BY are small compared to B* we can try the following form of the

General form of solution

the solution

In other words, we assume that

= sinf(t)coswrt (2.56)
= —sinf(t)sinwyt (2.57)
= cosf(t) (2.58)

the qubit keeps precessing as in section 2.9, but

this time the angle 6 is no longer constant. Instead it is a slowly varying function

of time — slowly compared to wyt. This assumption is equivalent to saying that we

are going to ignore 7* BY compared to r¥ B* in equation (2.53)) and 7* B* compared
to r*B* in equation ([Z354). With these simplifications equations (Z53) and (254)
are the same as equations (248) and (2.46]) on page [[2] which, as we know already,
describe the Larmor precession. So this leaves us with equation (255)).

LHS worked on
is

RHS worked on Substituting (2.50) and 257)

= — cosf(t) = —sinf(t)

First let us substitute (258)) in the left hand side of equation (255]). The result

d
—0) (2.59)

in the right hand side of equation (255]) yields

2# (r*BY —rYB7)

= 2# (BYsin0(t) coswrt + B” sin (t) sinwyr.t)

(2.60)
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Comparing equations ([259) and (2.60]) tells us that we can cancel sin 6(t) that
occurs on both sides and this yields a simpler differential equation for 6(t)

d 2
00 = ?“ (B” sinwrt + BY coswrt) (2.61)

Until now we have not specified B* and BY, other than to say that they’re much
smaller than B*. We are now going to specify both, so as to make equation (2.61])

easier to solve. And so, let us assume the following

B* = Bjsinwt (2.62)
BY = B, coswt (2.63)

On this occasion we shall also rename B* to Bj. Plugging (2.62)) and (2.63) into
([Z6T) results in
d _ Z/LBL

&O(t) =— (sinwrtsinwt + coswrt cos wt)

Now we can invoke the well known high school trigonometric formula (shown in
the margin note) to wrap this into
d _ 2/,(,BL

a@(t) = —— cos (wp —w)t (2.64)

which at long last can be solved easily for (¢)

o(t) = 2uB] sin (wy, —w)t

2.
h wr, — w (2.65)

assuming that 8(0) = 0, i.e., assuming that at ¢ = 0 the qubit is in state |1).

2.10.1 Solution at resonance

We will first consider solutions at frequencies w that are very close to wy or right
on the spot, i.e, w = wy. This corresponds to buzzing the qubit with a small
transverse magnetic field B = (B, sinwrt) e; + (B, coswrt) e, that rotates with
the Larmor frequency of the qubit itself.

For very small values of (w;, —w) we can replace the sine function with

sin (wp, —w)t = (wp, —w)t

This way the (wy, — w) factor cancels out and equation (ZGh]) becomes

Specifications
for B* and BY

cosacos 3+
sin asin § =

cos (a — )

Solution found

Resonance
condition

limsinx =z

x—0

Solution at
resonance
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_2/,[/BJ_
- h

0(t) t (2.66)

Angle 6 grows linearly with time ¢. Although 0 is restricted to 0 < 6 < 7 in Rabi oscillations
principle, the solution doesn’t care about this and continues to grow beyond 7.
What does this mean? First, note that cos@ = cos(2m — ). This implies that as
far as r? is concerned, once 6 has exceeded 7, we can replace it with 6/ = 27 — 60
and reduce the angle to the 0...7 range. In other words, once 6 has reached , it
begins to swing back, until it returns to § = 0, whereupon it is going to resume its
journey south.

So, what we have here are oscillations of vector r between north and south
interposed on Larmor precession. The north-south oscillations of r produced by this
process, see figure 2.7) are called Rabi oscillations, after U. S. physicist and Nobel
prize winner (1944) Isidor Isaac Rabi (1898-1988), and occur with the frequency
that is much lower than the Larmor frequency.

€

Figure 2.7: Rabi oscillations — as vector r continues to precess very rapidly about
e, its latitude 6 (measured from the north pole) increases very slowly, until » flips
to the southern hemisphere and approaches the south pole, whereupon the process
reverses.

Rabi frequency The period of these oscillations is given by

2/,LBJ_
h

Q(TR) =2 = TR
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which yields

wh
Tp = — 2.67
"7 uBy (2.67)
The angular frequency of Rabi oscillations, wg, is
27 _ —— 1 = 2.68
YRE TR T T ST T (2.68)
because
|Bil < |B]

If we start the process with a qubit in the basis state |1) =| 0), aligned with How long does it
By, it is going to take At = Tr/2 = mwh/(2uB. ) of buzzing the qubit with B, = take to flip a
(B sinwt) e, + (B, coswt) e, to flipit to ||) =| 1). And similarly, to flip the qubit qubit?
from |]) =] 1) to |T) =| 0) will take the same amount of time.

The full form of the solution for »(¢) is

r* = sinwgtcoswrt (2.69)
rY = —sinwgtsinwpt (2.70)
r® = coswgt (2.71)
Let us have another close look at what is going to happen when 6 grows More about r
above m. On the way back from the south pole 7 < 6 < 27 and in this region going back north

sin @ is negative. Replacing # with 8’ = 2w —6, which has the effect of reducing
0 back to [0, 7], and writing the minus in front of sin 6 explicitly, we find that
the solution assumes the following form now:

. /! . /
r® = —sinf coswpt =sinf cos(wpt + )
Y = sin@ sinwrt= —sind sin(wrt+ )
r® = cosf

where we have made use of the fact that —sina = sin(a + ) and — cosa =
cos(a + 7) in order to absorb the changed sign into the sin and cos of the
Larmor precession.

This result tells us that on its way back north vector r is going to visit
a point of the Bloch sphere, which, for a given angle 6, is on the other side,
compared to the point it had visited for the same angle 6 on the way south.

As vector r nears the north pole, its returning trajectory on the Bloch
sphere is going to align itself with the starting trajectory, because it is its
reflection with respect to the e, axis, so that after having reached the north
pole vector r will go south on exactly the same trajectory it traced originally.

As we go south and north, and south again and north again, we're going
to follow the same spiral all the time, crossing the equator at exactly the



80 Chapter 2

same two points, the point on the return voyage being on the other side, with
respect to the point at which we cross the equator on the way south.
Ramsey This property can be used in the following interesting operation, which is
experiment due to U. S. physicist and Nobel prize winner (1989) Norman Foster Ramsey
(born in 1915).

Suppose we use the Rabi oscillations to tilt r by 90° south. We can now
switch off the buzzing field B and just wait a while, allowing for the Larmor
precession to rotate r about the z axis. Then we can switch B on again
and continue tilting the qubit. If the Larmor precession has rotated the qubit
by a multiple of 27 (i.e., 360°) in the meantime, the qubit will come back to
the point from which it left and on receiving the buzzing signal will resume
its journey to the south pole. But if the Larmor precession has rotated the
qubit by an odd multiple of 7 (i.e., 180°), the qubit will resume its journey
along the Rabi trajectory at the point that’s on the other side of the Bloch
sphere and so it’ll come back north instead.

What is going to happen if the Larmor precession leaves vector r stranded
at some point that is between the two points where the Rabi spiral crosses
the equator? When the buzzing signal kicks in, it is going to be out of phase
now with respect to the Larmor precession. We can describe this by altering
equation (Z64) on page [T and adding a fixed angle ¢ to the phase of the

qubit:
d
ae(t) =wprcos ((wr —w)t+ @)
cos(a+ ) = Making again use of the school formula shown in the margin we can rewrite
cosacos 3 — this as
sin asin 3 a&(t) = wr (cos (wr —w) tcos ¢ — sin (wr — w) tsin @)

The resonance condition w = wy kills the sin(wr — w)t term and converts
cos(wr, — w)t to 1, which yields
d
a@(t) = WRCOS ¢
the solution of which is
0(t) = wrtcos ¢ + Oy

Let us assume this time that at t = 0 6 = 7/2, i.e., the tip of vector r is on
the equator and its longitude is ¢. Then

0(t) = wrtcos ¢ + g
First observe that for ¢ = 0 we get exactly what we had before, 0 is going
to increase or, in other words, r will continue on its way south at the rate of
wr per second. On the other hand, if ¢ = m, cos¢ = —1 and then 6 is going
to decrease at the rate of wr per second, i.e., r will turn north. So we have
now reproduced the basic characteristics of our Rabi spiral. For any other
angle ¢ between 0 and 7, the progress of r is going to be slowed down. For
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0 < ¢ < w/2 r will move south. For 7/2 < ¢ < m r will move north instead.
But for ¢ = 7/2 r will get stuck on the equator.

As was the case with the Larmor precession, wagging r to and fro on the Bloch
sphere with transverse oscillating magnetic fields still does not constitute a mea-
surement. If we start with a fully polarized qubit state, we end with a fully polarized
qubit state too.

Let us have a look at how probability of finding the qubit in state |1) varies with
time

1 1

0 z
=~ (1+r9) ==
p 2( %) D)

We are again going to make use of the high school trigonometric formula to wrap
the above into

(1 + coswgt)

2 th

2
At t = 0 we have that p° = 1. Then the probability begins to diminish and at
wrt/2 = m/2 we get p° = 0, which means that |1) has flipped completely to ||).
This is the same picture as given by the evolution of 7, this time expressed in terms
of probabilities.

This is also another rare circumstance when an outcome of a quantum mechan-
ical experiment can be predicted exactly and with certainty for every individual
quantum system. If you take a neutron from an |T) beam and send it into a cham-
ber with B)| and B as specified in this section, after 7h/(2uB ) seconds spent in
the chamber (but not a fraction of a second longer!) the neutron is guaranteed to
be in the ||) state ™

pY = cos (2.72)

2.10.2 Solution off resonance

Solution (2:65) on page [[Mis valid for all values of w regardless of whether w is close
to wr, or not. It is valid as long as the approximation we have made, B, < Bj, is
valid. For w = wy, we found that 6 varied linearly with time, eventually swinging
onto the other side, i.e., from 6§ = 0 to 6 = 180°.

It is easy to see that for w very far away from wj something quite different is
going to happen. Let us recall equation (2.65):

_ 2uBy sin(wp —w)t

0(t) (2.73)

h wr, — w

18In practice we cannot make this prediction with certainty because the Helmholtz field B
is usually highly non-uniform and because we may not be able to switch it on and off exactly
on time. But we want to distinguish here between the fundamental quantum probabilities and
probabilities that arise from imperfections of the experimental apparatus.

Rabi oscillations
do not
constitute a
measurement

2 (1+cos2a) =
cos® a

FExact
predictions can
be made about
quantum
systems

Solution far
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When |wy, — w| >> 0 the denominator becomes a very large number ™ Therefore
the amplitude of oscillations described by (Z73) is very small and the oscillations
themselves are very fast. The result is that vector r keeps pointing up and just
vibrates very quickly around € = 0. The qubit does not absorb energy from the
incident radiation.

What if w # wy but they are not so far apart that r gets stuck on § = 07
Observe that it is only for w = wy, that 6 can wander all over the place. Otherwise
—1 <sin(wr —w)t <1 and 0 is restricted to:

B 2/J,Bl <g< QIU,BL

hlwp —w) = 7 h(wp —w)
We can therefore ask the simple question: how far away can we move w from wy,
so that € can still reach 7w — in however circuitous manner? And the answer to this

question is
ZuBL

h(wp —w)
which yields

(2.74)

A somewhat better measure here would be (w;, — w) /wr, because this quantity
is non-dimensional and it will let us eliminate & and p from the equation. Dividing

@74)) by Larmor frequency (given by equation (2:49]) on page [[3]) results in
wy, — W - QLLBL h - BJ_
wr, n hm QMBH B 7T'B||

(2.75)

This gives us a measure of how precisely we have to tune the frequency of the
buzzing field B in order to eventuate a qubit flip. Observe that whereas on the
one hand the smaller B, /B the more accurate is the solution given by equation
@13), on the other hand, the closer we have to get with w to wy, in order to
manipulate the qubit according to this equation.

In a typical NMR experiment B) may be on the order of 12T. The amplitude of
the buzzing field, which is generated by Helmholtz coils, is very tiny, usually on the
order of one Gauss, where 1 Gauss = 10”4 T20 This tells us that we must ensure
at least

wr, —w 10~5

<
wr, m

19 We should point out that the Planck constant, 4, in the denominator does not squash |wr, — w
at all, because there is another A hidden inside p and they cancel out.
20This data is based on the Varian Inova 500 MHz specifications.
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2.11 The quantronium

The quantronium [52] is a quantum electronic circuit realization of a qubit. It
is not a classical electronic device that simulates a quantum system. It is a true
quantum system in its own right, even though it does not incorporate obvious
microscopic elements such as, e.g., an individual atom of phosphorus embedded
in silicon lattice in a precisely defined location and surrounded with controlling
electrodes [36] [37]. Instead, the quantronium relies on one of the few macroscopic
manifestations of quantum physics, superconductivity. This has the advantage that
the circuit can be made using a pretty standard, though not necessarily “industry
standard”, microelectronic technology 2l

preparation : quantronium circuit : readout
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Figure 2.8: The quantronium and its auxiliary electronic circuitry (from [52])

The quantronium circuit together with other auxiliary circuitry is shown in figure
2.8 We cannot analyze the functioning of this circuit in this section in great detail,
because this would call for quantum physics background that has not been covered
yet. But we will explain enough of it to illustrate how the circuit is used to observe

21The quantronium was patterned using electron beam lithography and aluminum evaporation.
Electron beam lithography is a very precise laboratory technique that allows for nano-level pattern
definition. Because of its slowness it cannot be used in mass-produced devices.
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the Rabi oscillations and other quantum effects, e.g., the Larmor precession, in the
qubit.

The qubit itself is contained in the large black dot to the left of the letter V.
The dot symbolizes a low-capacitance superconducting electrode, which in this
configuration is called the Cooper pair box. The Cooper pair box is connected
to the rest of the circuit through two Josephson tunnel junctions represented in
figure by the two square boxes with %E 7 written inside them. The Josephson
junctions and the Cooper pair box are biased across the gate capacitance Cj; by the
voltage source U.

A Cooper pair is a pair of electrons, coupled to each other and to the lattice of the
crystal they live in, so that they form a quasiparticle, i.e., a composite and non-local
quantum object with elementary particle characteristics. The total number of such
pairs in the Cooper pair box is N. The energy of the box is quantized, meaning
that it can assume several discrete values, which depend on the bias voltage U and
the DC current Is that flows in the coil adjacent to the quantronium circuit (shown
just below the circuit in figure 228]) and generates the magnetic field flux ® in the
quantronium circuit loop. The ground energy level and the first excited energy
level of the Cooper pair box form a two state quantum system, i.e., a qubit. We
associate the ground state with | 0) and the first excited energy level with | 1). For
the operational parameters of the circuit both states are characterized by the same
average number of Cooper pairs in the box in order to make the qubit insensitive
to fluctuations of the gate charge.

The bias voltage U and the current Iy are used to tune the properties of the
qubit with the effect that its Larmor frequency, wy = 2uB)/h, is a function of U
and Ig. But there is no simple formula that we can use to separate u from B). For
a given pair of U and Iy we get B bundled together — although, of course, we can
separate them experimentally after we have carried out sufficient measurements on
the circuit.

The buzzing field B is represented by the variable voltage u(t) that is super-
imposed on U. In order to drive the qubit the frequency of the pulse must match
the qubit’s Larmor frequency fr, = wr/(27), which, for the circuit drawn in figure
2.8 was 16.4635 4 0.0008 GHz. By choosing the amplitude and the duration of the
pulse, we can swing vector = up and down, thus affecting p® and p' of the qubit.
Having done so we can commence the measurement, which is implemented by the
part of the circuit drawn on the right hand side of figure 2.8

States | 0) and | 1) are differentiated by the supercurrent in the loop that develops
as the result of the trapezoidal readout pulse I, (¢), which can be sent into the circuit.
The current flows through both Josephson junctions labeled by %E 7 and through
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the third Josephson junction on the right hand side of the loop, labeled by FE jq.
The two capacitors in the readout part of the circuit are meant to reduce phase
fluctuations in the loop. The supercurrent in combination with the bias current in
the Ejo junction can switch the junction to a measurable voltage state V(¢). This
switching is probabilistic too. There is a high probability that the junction will
switch if the qubit is in state | 1) and a low probability that it will switch if the qubit
is in state | 0). So we have to play with two probabilistic processes here: we have
quantum probabilities associated with the qubit itself, and then we have another
layer of probabilities associated with the readout circuitry. The efficiency of the
readout is 60%, i.e., in 60% of cases, the readout circuit will correctly discriminate
between | 0) and | 1). While not perfect this is sufficient to let us observe important
quantum phenomena such as Rabi oscillations.

The qubit is isolated from the environment and from the readout circuitry by
a variety of means. First, the whole circuit is cooled to 15mK. Then additional
protection is provided by large ratios of Ej9/FE; and C/C;, where C} is the capaci-
tance of the Josephson junction. Parameters U and Ig are chosen so as to eliminate
charge fluctuation noise and flux and bias current noise.

The observed Rabi fluctuations of the quantronium are shown in figure 29 (A).
Every point in this graph is the result of 50,000 identical qubit preparations and
measurements, which were carried out in order to collect sufficient statistics for the
estimate of the switching probability. The standard deviation on 50,000 measure-
ments of this type is 1/50,000 ~ 224, which means that our probability estimates
are loaded with no more than 0.5% error22

The buzzing signal u(t) of amplitude B, = 22 yV and frequency f1, = 16.4635 GHZIZ

was used for all points. Flux ® was set to zero.

In order to prepare the qubit for a given point on the graph, the qubit was first
allowed to thermalize and align in U = B), dropping to its ground state | 0). Then
the qubit was buzzed with wu(t) for a specific duration (up to 1us). As soon as
the buzzing had stopped, the trapezoidal pulse I,(t) was sent into the circuit in
order to trigger the switching of the large Josephson junction Ejq. If the junction
had switched, the resulting pulse V (t) was observed, otherwise there was no pulse.
The ratio of “switched” to “not switched” for 50,000 shots/point is what has been
plotted in figure (A).

We can clearly see oscillations in the graph that are the function of the pulse du-
ration. Because the switching probability in the large junction Fj( is proportional
to pY, the observed oscillations are indeed Rabi oscillations. For the Larmor fre-

22Gee, e.g., chapter 6 in [19].
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quency in the tens of GHz range, the Rabi frequency is in the tens of MHz range.
The Rabi oscillations for this qubit are therefore about a thousand times slower
than the Larmor precession.

The amplitude of the oscillations is clearly damped. This is because the qubit be-
comes depolarized as it interacts with the environment, however much the circuit’s
designers had tried to reduce such interaction. This effect is not described by our
somewhat simplistic model, nor can it even be described by equations (Z39) and
[243) on pages [0 and [[2 respectively. Nevertheless we can fit the data with an
exponentially damped sinusoid and extract the Rabi frequency from it. The fitted
curve is drawn in the red.

Having done so, we can repeat the whole experiment for different values of the
buzzing signal u(t) amplitude, B, , and verify that the Rabi frequency wg obtained
from the measurements increases linearly with B, as equation (ZG8) on page
(wr = 2uB, /h) asserts.

The results of these measurements shown in the right panel on figure 229 (A) fully
confirm equation (2:68)). The Rabi frequency wg is indeed directly proportional to
B;.

Figure (B) shows the result of the Ramsey operation on the quantronium
qubit. The operation is carried out as follows. First the qubit is thermalized and
brought to state | 0). It is then buzzed with B for the time required to rotate
it by 7/2, i.e., by 90°. The buzzing stops then and the qubit is allowed to precess
around the equator for At microseconds, whereupon the buzzing is resumed. We
buzz the qubit again for the time required to rotate it by the further 90° in normal
circumstances. But recall our discussion of the Ramsey experiment on page
Only if the qubit has precessed by a multiple of 27 in time At, will it resume it
journey south with the same angular polar velocity wg. If the qubit has precessed
by an odd multiple of 7 in the time At it will instead return back north with the
same angular polar velocity wg. But for any other angle the qubit has precessed
in the time At its march south or north will be slowed down by the cosine of the
angle. Consequently, when we apply the second buzz to the qubit, it won’t be
enough to make it go all the way to the top or all the way to the bottom. When
the measurement is made the qubit will have some probability of being found in
| 1) and some probability of being found in | 0). This probability will fluctuate
with At as shown in figure (B). The fluctuations observed in this figure, in
essence, show us that the qubit indeed precesses with the Larmor frequency around
the z direction. The amplitude of the fluctuations diminishes exponentially, as was
the case with the Rabi oscillations, even though the qubit is disconnected from
the driving force during the time At when it is expected to precess freely. The
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depolarization observed in this measurement can be used to estimate the so called
coherence time of the qubit. Any quantum computations we want to carry out
using the qubit, must be completed well before the qubit’s quantum state decoheres,
which manifests in its depolarization.

We have argued in section on page [BT] that the buzzing signal could force
qubit to flip its basis state only if the buzzing frequency was very close to the
Larmor frequency of the qubit. Equation (Z75]) quantified this by stating that the
qubit could not flip its state at all if |w —wy|/wp > By /(7 B)). The insert in figure
210 (B) shows how the qubit flip probability for the quantronium depends on the
frequency of the buzzing signal u(t) for circuit parameters that correspond to the
saddle point of the diagram shown in figure (A). This saddle point was then
used in the Rabi and Ramsey experiments, because of the parametric stability of
the circuit in its vicinity.

Every point in the graph in figure 210 (B) is the result of 50,000 measurements
too. For each measurement the quantronium qubit was first thermalized and al-
lowed to align with B) in its ground state | 0). The qubit was then irradiated
with microwaves of a given frequency, emitted by a small antenna inserted into the
cryostat together with the circuit, for up to 100 ns (T in figure 29 is about 100 ns)
and then the measurement was activated by sending the trapezoidal pulse I(t) into
the loop of the quantronium circuit. The big Josephson junction E ;o would switch
sometimes, which would be detected by observing the pulse V'(¢), and sometimes
it wouldn’t. Now, whether it switched or not would depend on the state of the
qubit, as we have pointed out already, so the switching probability here is related
to whether the qubit itself flipped to | 1) or not. After 50,000 of such trials sufficient
statistics were collected to give us the estimate of the switching probability for a
given frequency f = w/(27). The measurements were repeated while the frequency
of the microwave signal was varied so that the whole neighborhood of the resonance
point f = fr = wr/(2m) was covered. And this is what is shown in figure 210 (B).
We can clearly see a well defined peak. The peak can be fitted with the Lorentz
absorption curve yielding the exact position of the resonance at f;, = 16.4635 GHz
and the peak width Af = 0.8MHz.

The quantronium is more than just a yet another attempt to fabricate a qubit as a
solid state device — and perhaps the first one that gives us more than just a glimmer
of its quantum nature. It is a very elucidating example of a simple quantum system
that brings up two of quantum physics’ most important features: its probabilistic
nature and its extreme sensitivity to the environment. Just as importantly, the
quantronium illustrates how quantum experiments are carried out in general and
how the qubit’s statistical ensemble is explored in particular.

Resonant
absorption by
the quantronium
qubit

Quantum
systems are
probabilistic and
extremely fragile
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3 Quaternions
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The fiducial formalism presented in the previous chapters is inherent to the
physics of a qubit: it is complete and entirely physical without any admixture
of unnecessary meta-physics. It operates on directly measurable entities such as
probabilities and various quantites averaged over a statistical ensemble of a qubit.
It accounts for mixtures, fully polarized (pure) states, discrete energy spectrum of
a qubit, qubit precession, qubit flipping, and other effects — all within a simple
algebra of a conventional probability calculus and without ever having to resort
to the use of complex numbers, Hilbert spaces, probability amplitudes and other
powerful weapons from the armory of the traditional quantum mechanics. It would
make Ernst Mach exuberant.

This may come as a surprise to some physicists, because statements were some-
times made in the past about the impossibility of such a description®. Unfortunately
quantum mechanics is littered with various statements of this nature, made by some
very famous people that — in time — were demonstrated to be blatantly false?.

In spite of quantum mechanics’ great maturity, new and surprising results con-
tinue to pop up all the time. It was only in 1983 that Berry phase was discovered
[6], yet it is such a fundamental quantum effect. It was only in 1996 that a bi-qubit
separability criterion was discovered by Peres and Horodeckis [29] [46]. The obser-
vation that every quantum system and its evolution can be described entirely in
terms of probabilities and various physical parameters averaged over the statistical
ensemble of the system (such parameters are called ezpectation values) was pub-
lished as late as January 2000 [53] by Stefan Weigert of Université de Neuchatel in
Switzerland. The specific observation that such a description can be formulated in
terms of a slightly generalized'zj’:I probability calculus is due to Lucien Hardy of The
Clarendon Laboratory in Oxford [26] and is even more recent.

In this chapter I am going to demonstrate that the probability calculus for a
single qubit maps naturally onto an even simpler type of calculus, for which we
will no longer need to bother about vectors and forms, because the state of a qubit
as well as its Hamiltonian form will map onto numbers — albeit of a rather special
type: quaternions.

1See, for example, [45] or [20]

2See, for example, [4] and [§]

3The generalization is confined to the separation between the number of degrees of freedom of
the system and the dimension of the system — in classical probability calculus these are the same,
in quantum probability calculus the number of degrees of freedom is equal to the square of the
dimension of the system.

Quantum
mechanics
continues to
develop
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3.1 Hamilton quaternions

In order to map a vector or a form with four entries onto a number without the loss
of information, we must have numbers with four slots. Such numbers were invented
by an Irish mathematician, physicist and astronomer William Rowan Hamilton
(1805 - 1865) whose accomplishments and insights were so great that the most
important mathematical device of quantum physics, the Hamiltonian (we called it
the Hamiltonian form), was named after him.

Quaternions are similar to complex numbers, which have two slots. The slots of
a complex number are called real and imaginary. The imaginary slot is marked by
writing the letter & in front of it:

z=a+1b

Quaternions have four slots, of which one is real and the remaining three are marked
by letters 2, 3 and k:
gq=a+bi+cj+dk

The coefficients a, b, ¢, d are normally real, but complex number may be used in
their place too. We will see that even though complex numbers are deployed in the
mapping between fiducial vectors and forms and quaternions, their use is cosmetic
and dictated by tradition rather than necessity. Purely real number based mapping
can be used too with almost identical results.

The three imaginary units of the quaternion world have similar properties to the
imaginary unit of complex numbers, i.e.,

ii=jj=kk=—1

but there is one additional rule:
ijk = —1

from which the following can be derived:

ij=—ji=k
jk=—kj=1i
ki = —ik = j

The derivation is quite simple. Consider for example

ij = —ij(kk) = —(ijk)k = k

.. or j if you are an electrical engineer.
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Now let us take
J(id)g = —jj=1=(4i)(ig) = (Jo)k
which implies that
ji=—-k=—-1ij

In other words, quaternion imaginary units do not commute. They anti-commute
instead:

ij +ji = {i,5} =0

and similarly for other pairs. The symbol {4, j} is called the anti-commutator. Quaternion
maginary units
3.2 Pauli quaternions anti-commaute

For historic reasons present day physicists do not use symbols 2, 7 and k. Instead

they use different symbold?, namely: Quaternions
- and Pauli
Oz = W matrices
oy, = 1ij
o, = ik
where 7 is the complex numbers i, i.e., v/—1 and whose resulting properties are: Pauli matrices
1 commutation
020y = 0y0y = 020z = and anti-
and commutatzon
relations
0,0y =—0,0, = (i1)(ij) = —k = iik = io.
oy0,=—0.0, =10,
0.0, = —0,0, =10y

So to avoid a complete disconnect from the way everybody else does things in
physics, we're going to use this notation too, even though it is somewhat clumsier
than the Hamilton quaternion notation used in mathematics.

Observe that I have used 1 (bold) instead of just 1. This is also due to
tradition. People who use o, oy and o, instead of ¢, 7 and k like to think
of 1 as an identity matrix rather than a number. But we don’t have to do so,
neither do we need to look inside o, oy and o, either, even though these
can be represented by matrices as well. To us they will be just 1, ¢, 5 and k

in disguise.

5... and in effect sometimes do not realize they work with quaternions.



94 Chapter 3

Pauli quaternion commutation rules can be usefully encapsulated into a single
expression:

0i0; :(Sijl—l—iZijO'k (31)
k

where %, j and k£ run through =, y and %, d;; is the Kronecker delta and €;;; is the
Levi Civita tensor, sometimes also called the totally antisymmetric symbol. Indeed,
observe that for ¢ = j we get §;; = 1 but €, = 0 for every k, and then

On the other hand for ¢ # j we get d;; = 0 but €;;;, = +1 as long as k is different
from both ¢ and j in which case the sign depends on the ordering of whatever i, j
and k stand for. In particular if i = z and j = y we get

0,0y = i€, .0, =10,

because €, is the only non-vanishing €, and it is equal to 1.

3.3 From fiducial vectors to quaternions

The mapping between fiducial vectors and quaternions is as simple as it can possibly
get. It is going to be linear and we are going to map:

g1 — 1

Sz — Oy
Sy — Oy
gz — o’Z

and. .. since there does not have to be a distinction between vectors and forms in
the quaternion world, after all they are all just numbers, we’re going to map fiducial
forms similarly:

¢ — 1

Cw — Oz
¢/ — oy
CZ — Oz

This way a fiducial vector of a qubit:

1
P =g (s +rie +riey +r7)
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becomes

p=-1+r"o,+1rvcy+r%0.)

N =

and the Hamilton form:
n=—p (chx + Bygy + Bzcz)

becomes
H=—-u(Byo, + Byo, + B,o.)

We are going to call the two quaternions defined this way, p and H, a density Density and
quaternion and a Hamiltonian quaternion respectively and ... temporarily. Tradi- Hamiltonian
tional physics terminology is a little different, because most physicists don’t think quaternions
of these objects as quaternions. They think of them as operators instead and call
them a density operator and a Hamiltonian operator or a Hamiltonian for short.  Density and

Hamiltonian
3.4 Expectation values OpETaLOTS
But how should we map the operation that yields the average energy of the ensem-
ble?
(n,p) = —p (Byr® + Byr? + B.r?)

The simplest thing to try is to multiply the two quaternions and see what comes
out:

1+rfo,+1rv0y +1%0.)

N =

Hp = —-u(B,o,+ Byo,+ B.o.)

= —g |:BIO'I + Byo, + B.o;
+r® (Byoy + Byo, + B.o.)o,
+r¥ (Byo,; + Byo, + B,o,) oy
+r* (Byo, + Byo, + B,o;) o,

Remember that a square of each sigma is 1, whereas ;0 ; is some other sigma for
i # 7. This makes it easy to collect terms that are proportional to 1:

= BB, +1vB, +r*B.) 1

= 5 | (r"Be + 1By +17B:

+ various terms multiplied by sigmas
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And so we find our solution (E) = —pu (r - B) standing right next to 1. All we
need to do is to get rid of the remaining sigma terms. This is easy to do: we
simply introduce a projection operation that is going to extract a real part from
the quaternion, similarly to how we extract a real part from a complex number.
Define:

R(g)=R(al+boy+coy+do.)=a

This way:
2R (Hp) = —p(r- B) = (n,p) = (E)

In a similar fashion we can obtain probabilities for finding a qubit in a spe-
cific state, expressions that are expectation values of a sort too, from the density
quaternion p. Consider the following 4 quaternions:

1
pPl = 1(1—0’)
= 3 .
1
1
P = ;1+ay) (3.2)

First, observe that they are direct images of the canonical forms in the fiducial
space, when expressed in terms of Pauli forms (cf. equations 215 on page [64):

0

[
83

1
w = §(§ +§)
1 1 1_ =
w! = 2(§ S
1
w? = §(<1+§I)
3 o 1 1 Yy
wo = 2(§ +§)

Let us apply, say, P? to p and then take 2R of the result:
1

P?p 1+rfo,+1rvo, +170.)

N =

1+4+0:)

A+rfo,+1roy +1°0., +0, (1 +10, + 170y +170))

NN N
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Now we are again going to collect terms that are proportional to 1. There is the
single 1 in front and then o,7r%0, is going to produce another 1. All other terms
will be multiplied by sigmas. So:

1

+ various terms multiplied by sigmas

And now taking 2% of it yields:
1
2R (Pp) = & (1+17)

In the same way one can easily see that:

2§R(P0p) = %(1—1—7“2)
2§R(P1p) = %(l—rz)
2R (P°p) = %(1+7~y)

We have arrived at the following formula that extracts probabilities from the density
quaternion of a qubit:

p' =2R(P'p)
Probabilities so obtained are consistent with our original mapping

g1 — 1
Sz — Oy
Sy — Oy

Sz — O

and show that the mapping can be reversed, i.e., in order to extract probabilities
from the density quaternion we can either use the P quaternions and 2R, or we
can simply replace sigmas with varsigmas in the density quaternion and read the
probabilities this way.

Generally speaking, as we would represent any measurement on the quantum
system by a fiducial form, upon switching to the quaternion representation of the
system, we represent any measurement ) on the quantum system by a quaternion
Q@ and the result of this measurement in terms of ) averaged over the ensemble by:

(@) =2R(Qp)
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The formula p* = 2R (Pi p) tells us how to reconstruct the fiducial vector p from
the density quaternion p. Is there an analogous formula that would generate the
form m from the Hamilton quaternion H, without resorting to replacing sigmas
with the corresponding form-varsigmas?

Indeed, such a formula can be read out from (n,p) as follows:

(E)=(n,p)=>_mp' =) n2R(P'p) =2R <Z mP"p) — 2R (Hp)
where we have made use of the fact that 2R is a linear operation. From this it is

HZZ%‘Pi

So the way to read coefficients 7; is to express H not in terms of sigmas, but in

now clear that

terms of P instead!
Let us try it:

1 = P°+P!
o, = P’°—p!
o, = 2P>—-1=2P>_p°_p!
o, = 2P*-1=2P° - P’ P!

Substituting this in place of sigmas in
H = —u(Byo, + Byo, + B,o,)
yields

H = —u(B,(2P*-P°-P')+B,(2P°-P°-P')+B.(P’-P"))
= —u((B. - B, — By) P’ — (B. + B, + B,) P' + 2B, P* + 2B, P?)

and so we get

N = Bz - Bz - By
m = _Bz - B:c - By
2 = 2B,

773 = QBy
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which is consistent with n = B,;¢” + By<¢Y + B,¢*, where

¢ = (-1,-1,2,0)
¢ = (-1,-1,0,2)
¢ = (1,-1,0,0)

3.5 Mixtures

Now that we know how to switch between quaternions and vectors and forms of
the fiducial space of a qubit, let us try to express some ideas we explored in the
previous chapter in the pure quaternion language.

The first of these is going to be constructing a mixture of pure states. A pure
state is described by a vector r with length 1. Within the fiducial formalism we
constructed a mixture by taking a convex linear combination of two or more pure
states represented by probability vectors, e.g., p; and py:

P = a1p; + azp,,
where a1 +ay; =1

Since the mapping between fiducial vectors and quaternions is linear, the same Mizing density
should hold for the density quaternion p: quaternions

p = aipi1+azspz

1 x Yy z 1 x Yy z
= aig 1+rioy+rio, +rio.)+ azg (1+rjo, +rio, +r50.)
1
= 3 ((a1 + a2)1 + (a17f + aor3)o, + (arr] + asry)oy + (175 + asri)o.)

Since a1 4+ ag = 1 the first term in the large brackets, (a1 + az)1 becomes 1. The
remaining three sigma terms become r*o, + rYo, + r*o ., where

r=a171 + asrs
and
r-r = (a1r1 +agrs) - (a171 + asrs)
= a? + a2 + 2a1a; cos(ry, 72)
< @ +ad+2aa9 = (a1 Faz)’ =1

This is the same result we obtained previously for the mixture of two fiducial
vectors.
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3.6 Qubit evolution

The qubit evolution equation that had the following form in the fiducial formalism

o= mep.e
dtp_QFLT’ b, e

and that eventually transformed into an easier readable

d 21
—r=—rxB
a’ - h
Von Neumann  has the following quaternion formulation:
equation q .
i

&P ~ 7 [H., p] (3:3)

where
[H,p| = Hp - pH

is called the commutator of H and p. Written in this form the qubit evolution equa-
tion is called the Schrédinger-Pauli-von-Neumann equation, or just von Neumann
equation for short.

To transform this equation back into dp/dt = (n ® p, €)/2h calls for a certain
amount of tedious algebraic equilibristics, but its transformation into dr/dt =
2ur x B/h is quite simple.

First consider the left hand side of the von Neumann equation.

d

ap 1+rfo,+1r0y +17°0)

() oo (o) ove () =)
)

because 1, o4, oy and o, are all constants.

— 2| a
\

4

8
~

q

8

_l’_

N = N = DN =
Qu

~
&)~
<

The meaning of The symbol & is a tri-vector of the three sigmas: o4, oy and o,. Expres-
o sions such as vo, +vY0y, + v 0, occur so often that a typographic shortcut
v-& was invented. But this should not be understood as a real scalar product
of two vectors in which infomation is lost. Rather it should be understood as
something similar to v°e, + vYey, + v®e. = v - €. Here no information is lost
as the operation is performed. There are three fully extractable components

of v on both sides of the equation.
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Now let us turn to the commutator:

Hp—-pH
= —g [(Bwaw +Byo,+ B.o.)(1+r%c, +1'0,+170,)

—(1+7%0, + 10y +1°0,) (Byoy + Byoy + BZO'Z)}

Before we plunge into the fury of computation, let us have a sanguine look at the
equation first. To begin with we are going to have terms resulting from multipli-
cation of the Hamilton quaternion by the 1 of the density quaternion. These will
produce B - & from Hp and —B - & from —pH, so they’ll cancel in effect. Next
we’re going to have terms resulting from o, i = z,y, z multiplying itself, i.e., 0,0,
etc. For each sigma o;0; = 1, so these terms are going to produce B - r 1 from
H p, which is exactly what we had in 2R (Hp), and —B - r1 from pH, so they’ll
cancel too.
The only terms that are going to survive then will be the asymmetric terms:

= —% {(Bwryaxay + Byrfogo,
+Byr*oyo, + Byrfoyo.,
+B,r%o 0, + Bzryazay)
- (Brryayax + B,r*o,0o,
+Byrfozoy + Byrfooy,

+B,r*o,0, + Bzryayaz)]

Observe that the expression in the second round bracket is the same as the expres-
sion in the first round bracket but with sigmas ordered the other way. Switching
them around produces minus, which cancels with the minus of the commutator, so
that we end up with:

= —g 2 (eryaxay + B,r*o.0,
+Byr*oy0o, + Byrfo,o.

+B.r’o,0, + Bzryaza'y)
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But here in this expression we also have sigma pairs that are just switched around.
Reordering them “the right way” will produce minuses, so that we’ll end up with
= —M[(Bwry — Byr®) o0,
+(Byr* — B,m¥)oy0,
+ (B,r" — Byr?) O'ZO',;:|

Finally, let us replace 0,0, with 7o, and similarly for the other two pairs to get:

—i,u[(ery — Byr®) o, + (Byr® — B.rY) o, + (B,r® — Byr®) oy

Observe that the expressions in the round brackets are components of a vector
product B x r. We can therefore rewrite our result in a more compact form as:

[H,p|=—ip(Bxr) &

And so the von Neumann equation for the quaternion-described qubit turns into:

;(;r).a:—;<—w>(3xr>-&

which then yields

3.7 Why does it work?

Before I attempt to answer this question, let me first explain that all that we’ve
done with the sigma-quaternions used by the physicists we could have done just as
easily with the original Hamilton (%, j, k)-quaternions. The imaginary unit, 7, that
pops up in the von-Neumann equation is there only because of the way we defined
the sigmas as ¢ times Hamilton quaternions ¢, 3 or k and does not really represent
anything deep or fundamental. It is merely ornamental and rather misleading.

If we were to use the original Hamilton quaternions, our equations would look
very similar with only a sign different here or there and without any imaginary
units. For example, if we were to map:

¢1 < 1



Quaternions 103

Sz 1
Sy < ]
s. <« k

we would get:
(n,p) = —2R(Hp)

But we could be a little fancier here and we could, for example, map forms onto
conjugate quaternions, e.g.,

n=DB,¢"+ByY+B.¢* — —B,i—B,j— B,k

and this would yield
() = 2% (Hp)

The von-Neumann equation in the Hamilton quaternion formalism and with

forms mapped onto normal quaternions, not the conjugate ones, is:

%p - % [Hv p]
there is no i here and no minus either. The minus could be restored by mapping
fiducial forms onto conjugate quaternions instead.

So, whether we use sigmas or ¢, 7 and k we get much the same picture - and we
still don’t have to do our quantum mechanics with complex numbers.

Now, why does the quaternion trick work? The reason for this is that quaternions
are general and powerful and their peculiar commutation properties encode both a
scalar product (or a dot product as some call it) and a vector product. Consider
this:

ab

(a1 4+ a¥j + a*k) (b1 + bYj + b°k)
= (a®V” + a¥V¥ + a*b%) (—1)

+[(a¥b* — a®bY) jk + (a*b” — a”b®) ki + (a®bY — a¥b") ij]
= @b+ (axb) i+ (axb) i+ (axb) k

So this is where all the magic comes from. To extract the scalar product from
the quaternion we can either just take the real part of it, the R, and multiply by
whatever coefficient is needed to get the right answer, or we could take ab+ ba and
then the (i, 7, k)-part of the quaternion would cancel out. To extract the vector
product from the quaternion we could simply extract the coefficients that multiply
1, 7 and k or we could take ab — ba and then the real part of the quaternion, the
scalar product part, would cancel out.

Forms could be
mapped on
conjugate
quaternions

Quaternions
encode a dot
and a cross
product of two
vectors in a
single
expression
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To extract the coefficients that multiply ¢, 7 and k we can use operators
similar to . A complex number operator that extracts the imaginary com-
ponent of a complex number is called §. But in case of the quaternions we

need three such operators, and so we’re going to call them 3y, S, and Sy.

Any three- Consequently any theory that contains a combination of scalar and vector prod-
dimensional ucts can be mapped onto quaternions and special quaternion rules devised to extract
theory can be whatever equations of the original theory are wanted.

mapped .onto Quaternions simply encode elementary 3-dimensional vector algebra in the form
quaternions of “numbers” with 4 slots each.

Quaternions For this reason Hamilton was able to encode rotations and their combinations by
were invented to using quaternions — this is, in fact, what he invented them for. Various equations
describe of special and even general relativity can be mapped onto quaternion algebra too.
rotations

Our theory of qubits that describes their statistical ensembles in terms of prob-
ability vectors eventually resolves to scalar and vector products, such as (E) =
—u(r-B) and dr/dt = 2u (r x B) /h — and so, it is only natural that a mapping
should exist that lets us express it in terms of quaternions.

That a mapping comes out to be so simple, with Pauli vectors and forms mapping
directly onto 1 (or 1) and (¢, 3, k) (or (64, 0y,0)) derives from the fact that I had
defined 1, ¢z, ¢y and ¢, so that this would be the case — knowing in advance the
result I wanted to achieve.

But I didn’t cheat. p = %(cl + 176, +1Y6, + 176,) indeed fully describes a
qubit state, meaning a state of a statistical ensemble that represents it.

A more profound question should be, why

1+
1 1—17r*
1+7rY

works.
The reason why this works is because it is so general.
A fiducial vector ~ The first two entries in p represent the fact that a beam of qubits splits in
of a qubit is the two in the presence of a magnetic field that has a non-vanishing gradient in the

most general z direction. Individual qubits must go either up or down. Tertium non datur.
probability

vector with 4
slots and with
the first two
slots
normalized.

This exhausts all possibilities. Consequently p° + p' = 1. To express p° and p'
as (14 r*)/2 and (1 —r#)/2 with r* € [0, 1] merely parametrizes this observation.
But the experiment also tells us that the description of a qubit in terms of r* alone
is incomplete. Knowing p” and p' is not enough to fully describe the state of a



Quaternions 105

qubit. In order to fully describe the qubit we must know how it is going to behave
in magnetic fields whose gradients are in the x and y directions too. Hence the
additional two terms, which are similarly parametrized by »* and rY.

Contrary to what some physicists think and say, a qubit can be polarized in any
direction in the 3-dimensional space. This can be always confirmed by moving a
magnet in all possible directions until the beam of qubits no longer splits and all
qubits in it are deflected in the same direction — that corresponds to r. Such a
direction can be always found, if a beam is fully polarized. If such a direction does
not exist, the beam is not fully polarized. It is a mixture.

So we come to a surprising conclusion: the reason why p describes a qubit is
simply because it has enough slots to do so. The reason why quaternions describe
a qubit is because they are general and flexible enough to fit any theory that has
scalar and vector products in it.

An astute reader may stop me here and ask: “OK about p and quaternions, but
what about dr/dt = 2u (r x B) /h and (F) = —ur - B? Why do these work?”

This is indeed where the real physics is. What these equations say is that a
qubit behaves on average like a classical magnetic dipole. This on average behav-
ior represents the classical thermodynamic limit of the theory. If you immerse a
macroscopic sample full of qubits in a magnetic field B, you will be able to observe
a precession of the average magnetic field of the sample exactly as described by
dr/dt = 2u(r x B) /h. You will be able to observe other effects we discussed in
the previous sections too.

This, in quick summary, is all that quantum mechanics can say about a qubit:
that a beam of qubits splits in two in the presence of varying magnetic fields,
and that an ensemble of identically prepared fully polarized qubits behaves like a
classical magnetic dipole on average.

Quantum mechanics is a probability theory. All its pronouncements refer only to
statistical ensembles of quantum objects. Quantum mechanics has nothing what-
soever to say about a particular individual quantum object — unless in very special
and rare circumstances when a behavior of the whole ensemble can be predicted
with 100% certainty. In this case only we can be certain about what an individual
quantum object is going to do.

A qubit behaves
like a classical
magnetic dipole
on average.






4 The Unitary Formalism
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The so called unitary description of qubits is what arises when the o, o, and
o, quaternions are “unpacked” into matrices.

Why should we bother about unpacking them in the first place, if we can
obtain all the information we need directly from the quaternion picture, or
by using fiducial vectors and forms? This is indeed a very good question.
It translates into another even more profound question. Since the fiducial
formalism and its mapping onto quaternions — otherwise known as the density
operator formalism — already cover all qubit physics, what new physics can we
possibly arrive at by unpacking the sigmas? Are we merely going to delude
ourselves with unnecessary metaphysics? This question latches directly onto
the business of quantum computing, because the whole idea indeed derives

from the notation of the unitary calculus.

What do we mean by “unpacking the sigmas”? We are going to look for matrix Matriz

representations of sigmas that have the same commutation and anti-commutation
properties, namely:
= 0'5 =1

2 _ 2
o, =0,

o,0,0, =11

The other sigma properties, e.g., 0,0, = —0,0, = 10, can be derived from the
two, as we have seen done with the Hamilton quaternions ¢, 7 and k — and we are
going to help ourselves with these too.

4.1 Pauli matrices

It is easy to see that we cannot represent the sigmas by numbers alone, real or com-
plex, because the sigmas anti-commute and neither real nor complex numbers do.
But matrices do not commute in general either and so the simplest representation
of sigmas can be sought in the form of 2 x 2 matrices. Because we have the 7, the
imaginary unit, in our commutation relations for sigmas, we will have to consider
2 x 2 complex matrices. Pure real matrices will no longer do, because how would we
generate the 7. Also it will become clear, after we will have completed the exercise,
that if we were to use the Hamilton’s original ¢, j, and k symbols instead, we would
still end up with complex matrices.

representation
of quaternions
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Let us begin with the following general parametrization of 2 x 2 matrices

o — ail
=
a1
(b
o, =
ba1
c
o, = 11
C21

where a5, b;; and ¢;; are some complex numbers.

@12
@22

b12
bao

C12
C22

)
)
)

The first rule that applies equally to all sigmas is that they square to 1. Let us

perform the corresponding computation on o ,:

c c
.0, — 11 €12
C21  C22
2
11 + c12€21
a1 (c11 + ¢

(1)

C11
C21

2)

c12 (c11 + ¢22)
2
C59 + C12C21

This yields the following two groups of equations:

c12 (c11 + ¢22)

21 (€11 + c22)

and

2
c11 + c12C21

2
Cao + C12C21

1
1

The first two equations can be satisfied by either

C11 = —C22

or by

cl2 =c1 =0

Suppose the latter holds. In this case we get that

2 2

€1 =Cp =1
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which implies that
c11 = =1 =co2

We therefore end up with two possibilities:

O

Il Il
H W
/N 7N
O = O =

— O
SN GZ
N~ -
@]
=

[ep”

-1

The first solution is just 1. This is not a good solution here, because we want
o . to be something other than 1, so we're going to take the second one, and we’re
going to choose the plus sign for it:

. — < 1 0 )
0 -1
Observe that in this case we ended up with both
cl2 =co1 =0
and

C11 = —C22
Even though we were prepared to be more general. The other solution in this group,
resulting from the generality, was 1.
For the remaining two matrices, o, and o, we have to choose the other option,
ie.,
a2 7& 0 and
a1 # 0

and similarly for o, and the bs, because otherwise we’'d end up with either 1 or

( (1) _(1) ) again. But if a5 # 0 and as; # 0 then we must have

a1 = —age =a and

bin = —ba=b
where a and b are such that

a2 + aj2a01 = 1 and

|
—

b? + byabay
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Now let us make use of the anti-commutation rule o 0, + 0,0, = 0. First we

have:
. a  ayg 1 0
v = (%) (0 )
o a —ai12
o a21 a
but
o 1 0 a a12
020z = (0 —1>(a21 —a)
o a ai2
o —as1  a
Adding these two yields
a‘mo'z+azo'm2< a 0 )
0 a

For the anti-commutation rule to hold a must be zero. Since the same argument is
going to work for o, as well we get

a = 0 and

In summary:
o _ 0 ai12
o a1 0
. 0 b2
Ty = by 0

But recall that as a and b vanish we are left with
ai2a21 = 1 and
biobr = 1

We can easily satisfy these equations by setting a;2 = x and ag; = 1/x and similarly
b2 =y and by = 1/y, so that

. — 0 =
v ™1 0

_ 0 vy
v (y‘l 0)
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Now we are ready to make use of the rule stating that
0,040, =1l

Substituting our matrix expressions for o, oy and o, yields:

(o) Gh 0 )
:(xéy ;/z>:(5 O)

This yields the following 2 equations in combination with what we have arrived at
already:

z/y
—y/r = 1

both of which solve to
Y= —ix

Since 1/y = 1/(—iz) = iz~! we end up with

o, = <x(_)1 g) (4.1)
o = (o) (4.2

Oz

Il
7N
O =

(an)
N~~~

-1

However surprising this may be to some physicists on account of the z factor it is
very easy to check, e.g., with Maple or Mathematica or manually even, that these
matrices indeed satisfy all quaternion relations expected of o, o, and o, which is
sufficient to get the right expressions for (E) = —u (r - B) via the (E) = 2R (Hp)
and for dr/dt = 2u (r x B) /h via the dp/dt = —i [H, p] /.

The choice of x = 1 is a natural one in this context — though not strictly necessary
at this stage. But it makes o, pleasingly symmetric and o, pleasingly Hermitian,
Le., such that A;; = A%; and both properties will prove useful as we go along.

Hermitian matrices are of special importance in quantum physics. We will Hermitian
see on page[I125]that x will be further restricted to e““‘, so that o, even with matrices

this remaining degree of freedom left, will end up being Hermitian anyway —



Hermitian
conjugation

Pauli matrices
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as will a,. The condition A;; = A}; says that if you transpose a Hermitian
matrix A and then complex conjugate it, the resulting matrix is the same as

the original one:

(47) -4

There is a special symbol, 1 that represents this, so called, Hermitian conju-

gation:

At = (AT) ) (4.3)

Using this symbol we can say that operator A is Hermitian when

Having made this choice, and we are not going to forget about it, instead working
on its further justification as we develop the unitary formalism, we arrive at the

quaternion representation in terms of Pauli matrices:

Oz

Oy

O

<. O = O

O =

! ) (4.4)
(1) ) (4.5)
_8 ) (4.6)
o ) (4.7)

It is useful to express the canonical basis in the space of 2 x 2 matrices in terms of
Pauli matrices — a procedure somewhat similar to what we did earlier with canonical
forms in the fiducial space and Pauli forms (cf. equations [ZT5] on page [64]). And

SO:

M

M,

M,

M3

A/ N7 N7 NN
OO HO OO O+
O OO0 O, OO
N = N —= N = N

N N N S

(1 + ‘72)
(0z +ioy)

(o2 —ioy)

—~
[
|
Q

n
S~—"

(4.8)
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Note that only Mg and M3 bear similarity to P° and P of equations B2l on page
Matrix representations of P? and P? are

1/1 1
2—7
P 2(1 1)
, L/1 —i
3—7
P _2<i 1)

Observe that all three sigmas are traceless, i.e., such that the sum of their diag-
onal elements is zero. The only matrix here that has a non-vanishing trace of 2 is
1. We can therefore use the matrix operation of taking trace, Tr, in place of the
quaternion operation R. Also note that since Tr (1) = 2 we can drop the 2 factor
that appeared in front of &, i.e.,

2R (Hp) ="Tr (Hp)

It is this Tr (1) = 2 in fact that is responsible for some of the 1/2s and 2s that
appear in definitions of our probability vector and its close cousin, the density
quaternion, as well as in the definitions of Pauli forms and of the metric tensor of
the fiducial space.

Of the three Pauli matrices one is imaginary, the o,. Could we do away with
imaginary numbers if we were to carry out the procedure for Hamilton quaternions
i, j, and k7 The answer is “no”, we wouldn’t do better. Recall that

1T = —ioy
j = —loy
k = —io,

This transformation would make j real, but then we’d end up with imaginary ¢ and
k.

If we were to substitute a;;, b;; and c¢;;, as we did previously, for ¢, j and k,
equation kk = —1 would yield:

ciz(ci1+c2) = 0

ca1 (e +c2) =
as before, but this time

2
c1 t+ c12¢21
-1

2
Cao + C12C21

Pauli matrices
are traceless
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In case c13 = co1 = 0 we get that cfl = —1and c§2 = —1, which implies ¢1; = +1 =
coo Tight away.

In summary, whereas we can describe qubit dynamics and kinematics completely
in terms of real numbers and measurable probabilities alone, as long as we work
either within the fiducial formalism or within the density quaternion framework, the
moment we “unpack” the quaternions we have to let imaginary numbers through
this back-door.

Like Alice falling into the rabbit hole, we are going to encounter some very strange
creatures and notions, some of which may well belong in the fantasy world.

4.2 The basis vectors and the Hilbert space

A fully unpacked density quaternion of a qubit becomes a 2 x 2 complex matrix
that looks as follows

(4.9)

r¥ +ar¥ 1 —r?

1+7r* r*—ry
2

p= 1(lJrrJ”O'gE+ryo'y+rza'z) = % (
and in this form it is called a density operator or a density matriz of a qubit.

We had seen an operator P in section [.§] (page B2) that talked about “Transfor-
mations of mixtures” represented as a sum of tensor products of basis vectors and
forms, where the vectors and forms were ordered “the other way round” so that
they wouldn’t eat each other:

Pizzpjiej ®wl
i %

This trick can be applied to every linear operator that is represented by a matrix,
including p, and in this case we can write:

1 .
p = 5((1—&—rz)eoé@cuo—i—(7‘9“—zry)eo®wl

+ (" +irY) e, @w + (1 —717%) ey ®w1)

where e; and w’ are basis vectors and forms in this new 2-dimensional complex
vector space into which we have unpacked our quaternions. What they are will
transpire when we have a closer look at some specific qubit states we know and
understand well by now.

Consider first a state that is described by

0
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or, in other words, by 7 = e,, where e, is a unit-length vector that points in the
z direction, i.e., vertically up. This is a fully polarized, i.e., pure state. Its fiducial
representation is p = % (¢1 +2), its quaternion representation is p = % 1+0,)
and its density matrix representation is

— Lo _ 0

This tells us that the pair e and w® can be employed to represent the r = e, state. ey and w°
We encountered this state in section 2.3 (page[52]) that talked about polarized states represents the
and on that occasion we called it |T). We are going to adopt the same notation T = €: state.
here including the complementary notation for the w® form, namely:

eo = |T)

w’ = (1]
Let us call the corresponding density operator p;, to distinguish it from density
operators that will describe other states, and we can write:

py =11 @1l
pr = IN1 (1.10)

for short. Quantum physics researchers often drop the tensor product symbol &, pr =11l
Vector |1) and its matching form (7| can be also described in terms of columns

m=(y)

W’ = (1= (1,0

o - (Joa=(12)

The latter is a genuine matrix multiplication, i.e., multiplying a column vector by a
row one, with the column vector on the left side of the row, and applying the usual
matrix multiplication rules, builds up the 2 x 2 matrix that is in this case p;. Also
observe that T =1

(1) = @en) = (1L0) g ) =1

which is as it should be, because w? is dual to eg.

and rows of numbers, namely:

€0

The terminology of a form and a vector adopted in this text is relatively Forms, bras and
TOWS Versus
vectors, kets
and columns

1Some aren’t even aware of its existence!
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new to mathematics and newer still to physics (although it goes back a long
way, at least to Cartan if not before). When Dirac invented his angular
bracket notation used in quantum mechanics today, he called what we call
vectors here ket vectors and he called what we call forms here bra vectors.
This way a conjugation of a form and a vector, e.g., (1|]), becomes a bra-
ket. Einstein and his differential geometry colleagues, on the other hand,
called forms covariant vectors and vectors contravariant vectors, because form
coefficients transform like basis vectors and vector coefficients transform the
other way round. Finally, people who work with computers prefer to call forms
row vectors and they call vectors column wvectors. All these terminologies
are still in use today, depending on who you talk to, and sometimes even
depending on a context.

Now consider a state that is given by

0
r= 0
-1
or, in other words, by » = —e,. This is also a fully polarized state whose fidu-

cial representation is p = % (¢1 —s-) and whose quaternion representation is p =

1 (1 —0a.). Its density matrix representation is

2
(0 0 _ 1
p(o 1>el®w

This tells us that the pair e; and w' can be used to represent the r = —e,, state.
We encountered this state in section too and called it ||) back then. So, we are
going to adopt this notation here as well together with the complementary notation
for its dual form:

e = |l>
w' o= (l
Let us call the corresponding density operator p,. We can now write:
py=1)@ (] orsimply p;=[]){ll (4.11)

Vector |]) and its dual form (]| can be described in terms of columns and rows of
numbers as follows:
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(L= (0,1)

(V)en-(5 1)

where the latter, as before, is a genuine matrix multiplication. Since |]) and (]| are
dual, we have that (I =1

(L) =1

w1

e ®w1

But we also have

<lIT>=(0,1)<(1)>=0

and 0 (n = =
<m>—<1,0>< 1)—0 0

And so we find that the two vectors, |1) and ||}, comprise a basis of the 2-
dimensional complex vector space in which p, and p, operate — once we have
replaced the quaternion symbols o, o, and o, with Pauli matricesZ.
The vector space spanned by ||) and |1) is called the Hilbert space of a qubit. Hilbert space of
Apart from being a complex vector space and, in this case, 2-dimensional, it has a qubit
some other properties that make it Hilbert and we’re going to discover them one
by one as we explore it.
Observe that vectors |T) and |]) also correspond to the physical basis states of
the qubit, in the sense that was discussed in sections (page MA) and (page

[46).
4.3 The superstition of superposition

What about qubit states such as |—) and | ®), states that correspond to polariza-
tion directions that are perpendicular to e,? They are after all perfectly normal
qubit beam states that can be confirmed by orienting the beam splitting magnet
appropriately. Have they been excluded from the unitary formalism?

Since they can be described in terms of fiducial vectors, and therefore in terms
of quaternions too, it should be possible to describe them within the framework of

2... which are also called o, oy and o,. Whenever there is a possibility of confusion I

will attempt to clarify whether the sigmas employed in various formulas should be thought of
as quaternion symbols or matrices. The general rule is that if we operate on sigmas using their
commutation and anticommutation properties only, they are quaternions. If we unpack them and
use their matrix properties, they are Pauli matrices. Physicists call them Pauli matrices in all
contexts.



|—) is a
superposition of

1) and |1)

|<—) is also a
superposition of

1) and |1)

A form dual to
(N +i11)/V2

(11 =il /v2
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the unitary formalism, even though the only basis vectors that we can build our
vector space from correspond to |1) and |[).

Consider a density matrix that corresponds to 7 = e,. The state is described by
p=3(s1+¢z) orby p=1(1+0,). Unpon having unpacked o, we find:

o 1/1 1
P~ = 311
1
= s(nedl+ el + el + ()l
1 1
= ﬁ(lTH |l>)®ﬁ((ﬂ + (4D (4.12)
We can therefore write this very peculiar expression:
1
=) = 7 (n+ 1)
Similarly, for the qubit state that corresponds to r = —e, we get

_ /1 -
P— = 5 1 1

= Smedl - medl - el + e

1 1
= & (n- |l>)®ﬁ(<ﬂ =0
Hence 1
=) = 7 (=1L
States | ®) and | ®) that correspond do r = e, and r = —e, have similarly

peculiar representation in the unitary space of a qubit but with one subtle difference.
Let us start with | ®) = 3 (¢1 + ¢). The density matrix equivalent is:

11 —i
2(1‘ 1)
1 , 1
s m+ilhe -

At first glance it may look like we have a vector here and a form that are not
related, or not dual. But observe this:

Pg

(1 =i (L)
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(T =2 (1D \f(ITHZ 1)

S i) — i (U +
1

5 (1+i0—i0+1)=1

7

(L))

This suggests that in this particular 2-dimensional vector space with complex co-
efficients, whenever we want to make a form out of a vector, we need to convert all
occurrences of ¢ to —i. This is another feature of what’s called a Hilbert space. If
you want to be one, it’s not enough to be just a complex vector space, you have to
have this property too. Furthermore if we have an operator A acting on a vector
| U), namely A | ¥}, then the image of this operation in the form world is (¥ | Al
where | represents Hermitian conjugation defined by equation ([@3)) on page
Only if the operator is Hermitian, i.e., such that A = A", we find that the dual of
A | ) is (U | A without the dagger.
In summary:

|®) = 7(”)—1—2“)) and
@] = ﬁ (11 = (L))

And, without further calculation we can easily guess that
o) = 7 (I =4 1)) and
© = (<T\ +i(l])

Sl -

What is the meaning of |—) % (M4 11)?
First observe that the plus operator, +, used in this context is not the same plus
Back

then adding two probability vectors of pure states (similarly for quaternions) would

we used in adding probability vectors or their corresponding quaternions.

always result in a mixed state, unless the constituents were one and the same state.
But here we add two pure states, which are not identical at all, and we end up
with another pure state. This addition of two vectors in the qubit’s Hilbert space,
which is called a superposition, does not map onto addition of the two probability
vectors, or quaternions. The transition

—|=)

p—)

In order to
make a dual
form in the
Hilbert space we
need to replace
the vector’s
coefficients with
their complex
conjugates and
then put the
vector on its
side.

The dual of
A|T) s

(T | AT

A plus in the
superposition
does not
translate into a
mixture of states
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in both states
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is clearly non linear.

The second thing to ponder on is that this notational trick not so much reveals
new physics, as hides some of what is transparent in the fiducial or quaternion
formalisms, namely polarization states that are perpendicular to e,. The real and
complete physics of a qubit in the |—) state is described by

1/2
1 1/2
1/2

This vector says that if a beam of qubits in this state is sent through a magnetic
beam splitter with the magnetic field gradient pointing in the e, direction, then the
beam is going to split in half: one half of all incident qubits will swing upwards, the
other half will swing downwards. If the beam splitter is rotated so that its magnetic
field gradient points in the e, direction, again the beam is going to split in two equal
halves. But if the beam splitter is rotated so that its magnetic field gradient points
in the e, direction, then the beam is not going to split at all. Instead all qubits in
the beam will be deflected in the same direction. This last measurement therefore
confirms that the beam is polarized in the e, direction.

But people who get too obsessed with the notation of the unitary formalism have
a different interpretation of this state. They will say that |—) = % (M + 1))
means that every qubit in the beam is simultaneously polarized in the e, direction
and in the —e, direction — and they will argue that this is what the experiment
shows: if you send a beam of qubits through the beam splitter oriented in the e,
direction, the beam splits in half — some qubits get deflected upwards, some get
deflected downwards.

There is a huge leap of faith (rather than science) in their argument combined
with emergency landing in thorny bushes of a religious dogma. First, they attribute
to every individual qubit what is clearly a property not of an individual qubit but
of a statistical ensemble of qubits. This is what every theory of probability is
all about and quantum mechanics of a qubit is merely a yet another theory of
probability. There is a certain probability that I may find a $100 bill on the floor
of the supermarket tomorrow. Does this mean that I half-have and half-not-have
this bill in my hand today? Does this mean that I have a certain proclivity towards
finding $100 bills on supermarket floors?

Second, they tend to forget about the option of rotating the beam splitter so
as to find a direction for which the beam no longer splits. This is because this
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possibility cannot be clearly and easily read from the unitary representation of the
state. It is there, but it’s hidden.

On the other hand, the interpretation that is read from the fiducial vector p or
from its equivalent quaternion p is that the qubits in the beam are neither polarized
in the e, direction, nor are they polarized in the —e, direction. They are polarized
in the e, direction instead, which is perpendicular to both e, and —e,. They are
going to be flipped onto either the e, or the —e, directions only when they are
measured with such probability as can be read from p or p.

It is not always easy to find a clear, physical interpretation of a quantum state
that is described by a linear combination of some basis vectors in the Hilbert space.
For example, what does |—) mean for the quantronium? But rather than saying
that the quantum object has all the constituent properties of a superposition, it is
probably better to say that it has neither of them, that its property is altogether
different. What it is exactly we’re not going to see until we switch back to the
density operator formalism (e.g., through the | ¥) —| U)(¥ | operation) or even
better to the fiducial formalism (throuth the o; — ¢; operation) and consider
probabilities of every experimental measurement needed to fully characterize the
state. It may sometimes happen that an investigated system, e.g., a quantronium, is
not equipped to carry out a full set of measurements and all it can deliver are p° and
pl, but, at least in principle, p? and p? are there too and they can be detected with
appropriately improved measurement setup, or by more elaborate experimentation.
For example, Ramsey fringes generated by the quantronium demonstrated to us
the presence of Larmor precession, even though the quantronium does not have a
circuitry needed to measure p? and p>.

N dimensional quantum systems, where N is the number of dimensions
of their corresponding Hilbert space map onto N? dimensional fiducial sys-
tems [26]. Hence, the number of parameters needed to fully characterize a
quantum system grows very rapidly with the dimension of the system. This
is a practical reason why we often prefer to work within the confines of the
unitary formalism — especially for more complex systems. Whereas it is easy
to talk about p°, p!, p? and p* for a single qubit, if we were to consider an
8-qubit register, the number of dimensions of the corresponding Hilbert space
would be 28 = 256, but the number of dimensions of the corresponding fidu-
cial space would be 65,536. Consequently, even if the “Fiducialists” are right,

the “Unitarists” are more practical.

Consider a general superposition of the two Hilbert space basis vectors |T) and

“Fiducialists”
believe that a
qubit that is in
a superposition
of two states is
in neither of the
states, instead it
s in a third
state that is
altogether
different.

Fiducial vector
of a general
state in the
qubit’s Hilbert
space
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1)
[z)=a 1) +0[l)

where a and b are two complex numbers. We can convert this vector to its corre-
sponding density matrix by constructing the form

(@ [=a” (1] +b" (I

where the asterisk denotes complex conjugation, i.e., ¢ — —i, and then by building
an operator out of the two:

| 2)(z | = aa™ [N)(T] +ab™ [N)(L] +ba™ [){T] +0b" [1){L|

Let us compare this to the general form of the density matrix as obtained from
the quaternion representation in order to find how the full information about the
state of the polarization of the qubit beam is hidden in the unitary formalism’s
superposition:

1
aa® = B (1+77)
1
bb* = 3 (1—1r7)
ab* = 1 (r® —irY)
2
ba* = 5 (r® 4 ir?)

Adding the first two equations yields an interesting condition:
aa®* +bb* =1

This tells us that we cannot construct just any linear combinations of |) and
[l). The combinations that are physically meaningful are restricted to such that
aa* 4+ bb* = 1. This is called a normalization condition. All Hilbert space vectors
that correspond to physical states of a qubit must satisfy it.

Also observe that aa® = %(1 +7r%) = pY is the probability of registering the
qubit with its spin up and bb* = % (1 —r*) = p' is the probability of registering
the qubit with its spin down. The normalization condition is therefore the same as
PP +p =1

Subtracting the second equation from the first one yields

aa* —bb* =1r* (4.13)
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We can extract * and r¥Y similarly from the third and the fourth equations:

ab® + ba* r® and (4.14)
i(ab* —ba*) = rY (4.15)

Now let us see if we can fill the whole Bloch ball with superpositions of |T) and

[1):

ot Yy 4 rFr®
= (ab* + ba*)? + i? (ab* — ba*)? + (aa* — bb*)?
= (ab*)* + 2ab*ba* + (ba*)?
— (ab*)? + 2ab*ba* — (ba*)?
+ (aa*)? = 2aa*bb* + (bb*)*
= (aa*)? + 2aa*bb* + (bb*)*
= (aa* + bb*)?
=1

We can fill the Bloch sphere, but not the Bloch ball. In other words, the unitary
formalism is restricted to fully polarized beams only. We have no means to describe
mixtures within the framework of this formalism. The unitary formalism represents
only a subset of the quantum probability theory and as such it seems incomplete.

This would be a high price to pay. If we cannot describe mixtures, we cannot
describe the process of the measurement, since, as we had seen in chapter Pl section
(page BY)), the measurement process converted a pure state to a mixture.

Within the framework of the unitary formalism the measurement process has
been handled traditionally by introducing an auxiliary unphysical aziom. The
axiom is unphysical, because it elevates the measurement process above the theory
making it a special act, rather than a result of a physical interaction between a
measuring apparatus and an observed quantum system.

A similar problem would seem to affect our ability to describe the effects of the
interaction between an observed quantum system and the environment within the
framework of unitary formalism. We saw in section [ZT1] (page[83]) that talked about
the quantronium circuit that the qubit depolarized gradually. This manifested in
the diminishing amplitude of Rabi and Ramsey oscillations. The initially pure state
of the qubit converted into a mixture.

Only the Bloch
sphere, not the
Sfull ball, can be
covered with
Hilbert space
states

Mixtures of
quantum states
cannot be
described within
the confines of
the unitary
formalism

Measurement in
the unitary
formalism
Depolarization
i the unitary
formalism
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But things are not so desperate and the unitary formalism is more useful than it
seems at first glancé3.

The situation here is somewhat similar to the situation we encounter in investigat-
ing classical dissipative systems. There energy is obviously lost to the environment,
yet it does not mean that energy on the whole is not conserved. The energy may
leak from an observed subsystem, e.g., a damped oscillator, but we can recover it
eventually by including air and its expansion, friction, heat, as well as temperature
and lengthening of the spring in the model.

It is similarly with the unitary formalism. We will show in the next chapter
that a “dissipative”, i.e., a non-unitary quantum system can be always embedded
in a larger “non-dissipative” unitary system. This way, unitarity, like energy, is
“conserved” globally, even if it appears to leak out of the portion of the system
under observation. Careful analysis of what happens when a unitary quantum
system interacts with the environment lets us derive dissipative quantum equations
such as the Lindblad equation — its classical analog would be a Newton equation
with friction.

This mathematical trick leads some physicists to proclaim that the universe it-
self must be a quantum unitary system, but this is just a religious belief with no
grounding in observations or laboratory experiments. On the contrary, recent ob-
servations seem to suggest that gravity somehow leaks out of the universe (and
there is no convincing quantum theory of gravity to begin with), which manifests
in its accelerating expansion. If gravity can leak out, then why not energy and
why not unitarity? Although we know a great deal about the universe, there is
apparently much that we don’t know either.

Let us go back to the choice of x = 1 in equations (@) and (£2) in section
[£1] (page I11)) and explain it some more.
Consider again equation ([{I2) on page [[18] but this time let us use

o — 0 T
*T Nz boo
1 x
71

(N +z Nl +2~" D] + 1) &)

This would yield:

[§]

!

Il
N~ N~

3Not to mention the minor fact that nearly everything that’s been done in quantum mechanics
in the last 80 years or so was done with the unitary formalism.
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To find a Hilbert space vector and its dual form that correspond to this opera-
tor we can try to match it against a tensor product of a general superposition
and its dual form:

(a 1) + b [1) @ (a™ (1] +0" (L]
=aa” 1)@ (1 +ab” |1) @ (| +ba” [1) @ (1] +0b" |]) ® (]

This yields the following equations:

2

aa® = Ja|"= 1 hence |a| = =
2’ o)
1 1
bb* = |b* ==, hence |b|=—
o = 2 b=
ab® = %x (4.16)
ba* = %gfl (4.17)

Let us use Euler notation for a and b, i.e.,

a = lale’* and
b o= |be'™
then equations ({I6) and (£IT) become
* I3 — 1 i — 1
ab* = |allble (Pa—dbp) _ 56 (da—op) _ 51,
* iy — 1 _ipn— 1 _
ba* = |bllale (pb—da) _ 56 (da—op) _ §m 1
which yields
i(Pa—bp)

r =€

If we were to restrict ourselves to a real x, the only choice for us would be
x = %1 and this would land us exactly where we are already with the only
freedom left as to the sign in front of the o, matrix. We could also make a
purely imaginary choice = 44, and this would merely swap o, and o,. A
non-trivial choice as to x is possible too. In this case x would have to be a
complex number of length 1 given by

x=e'l" (4.18)

Any other choice of  would make it impossible for us to recover the |—) state
within the resulting formalism, i.e., we could not identify a single Hilbert space
vector that would correspond to it.
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Observe also that choosing & = e®=, which is the only choice we’re ulti-
mately left with, results in a Hermitian representation of o, and o, namely:

0 ei=
e~ iPw 0
0 —jei%e 0 ei(Pa—7/2)
( je e 0 ) - ( e W %x—7/2) 0 )

If we were to choose = €'%* with ¢, # 0, the coefficients a and b in
|=)=a |1) + b ||) would have to be such that |a| = |b] = 1/+/2 and

bo — Gb = b2 (4.19)

In particular, observe that for ¢, = 0, which is equivalent to our choice of
x =1, we end up with ¢, = ¢p, but we are not forced to take ¢, = ¢p = 0.
This means that we can multiply the superposition by e!? = e/®® = ¢!® and
this is still going to yield the same physical state.

Oy

Oy

4.4 Probability amplitudes

A probability that a qubit that is in a pure state defined by 7y, where ry - 71 = 1,
is going to be filtered onto an “up” beam in some measuring apparatus is given by
p? = (1 +7%) /2. What is a probability that the qubit is going to be filtered onto
an “up” beam in a differently oriented apparatus? Suppose that the orientation of
the apparatus is ro, where ro -7 = 1. We can answer this question by rotating our

system of coordinates so that 7 = e., and now we have that p? = (1 + rf/> /2.

But what is 2’ ? Recall that 7* = (w*,r) = e, -r. This holds for every orthonormal
basis e;, including the new basis defined by 7. Consequently rf/ =e, Ty ="ToT].
The probability of a transition from a pure state that corresponds to r1 to a pure
state that corresponds to 75 is therefore:

1
Proe—r, = 5 (1 + 72 7‘1)

Let us digress here for a moment. The above formula is expressed in
terms of fiducial vector parametrizations. Can we express it instead in terms
of fiducial vectors themselves?

Let the two states be described by

1 xT z
p, = §(C1+r1cz+r’f<y+r1§z) and

1
= (s1+ 736, + 756, +7565,)

2 2
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Consider (ps, py)

~ 1 xTr T z _z xT z
(Py, P1) = Z(cl + 156" + ¥ + 1367, 61 4+ ric, + risy, +7ris.)
1 xTr T xT z_ z 4
= Z Lo) +rirs (st 6u) +rYrY(sY,sy) + riri(s¥,2))
1
= 5(14—7‘1'1‘2)

because (5%, ;) = 26°;. We will soon see that there is a very nice typographic
correspondence between

P21 = (P2, Pq) (4.20)
and its unitary equivalent.

Although we have derived this formula for pure states only, it may be
extended to a situation in which r; is any state, possibly a mixed one, and
72 is pure. The latter is required, because in our derivation we really thought
of r2 as defining a direction and we made use of the fact that its length is 1
(when we equated r2 and e,/). But we never made any use of r; being of
length 1.

Let us substitute the unitary description coefficients a1, by, as and by in place of
ri,rd, ri, rg, rf and r3. Using equations (LI13), (£I4) and ([£I5) yields

ro-1r1 = (a9by + baad) (a1b] + bial)
— (agbh — beay) (a1b] — biay)
+ (a2a§ — bgbg) (alaT — ble) (421)

Also recall that for every fully polarized state
aa® +bb* =1

So we can replace the 1 in (1 + 75 - 1) with

1=1-1= (aga} + bsb}) (ara} + by1b%) (4.22)
Let us now combine [@21]) and [@22):
1+ T2 -7T1
= (aga; + bgb;) (ala’f + ble)
+ (agbz + bQCL;) (alb’f + blaf)
— (a2b§ — bga;) (ale — blaT)
+ (a2a§ — bgbg) (ala’{ — blby{)
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Let us have a sanguine look at this equation. Observe that the first line is much
like the last one, but there are minuses in front of the b-terms in the last one. Also,
the third line is much like the second one, but again there are minuses in front of
the ba-terms. On the other hand there is a minus in front of the third line, so we
should really flip the minuses and the pluses inside it. All these minuses will result
in four merry cancellations, so that the final result will be left with 4 terms only.
And it’s easy to see what they’re going to be: The middle terms that result from
the full expansion of the first and the last line will drop out, and the edge terms
that result from the full expansion of the second and the third line will drop out
too, leaving us with

1+ T2 -7T1 = 20,20/;04104}{ + 2b2b;b1b${ + 2agb§b1a*{ + 2b2a§a1b’1‘ (423)
The 1/2 in front of 2 (14 ry - ry) will kill the 2-s in ([Z23)), and so we're left with

Dryer, = agasaial + babib1b] + a2bsbial + baasaib]
= (azal + b;bl) (CLQGT + beT)

First, observe that the second component in this product is a complex conjugate of
the first component. Also observe that the first component is

aar + b3y = (a3(1 |+ b5(L | aa] 1)+ 0] 1)) = (Wa | 1)
and the second component is

azal + bab] = <a’{<T |+ b3(] | ‘ az| 1) + by l>> = (U | ¥y)
And so, we have discovered that:

o (Uy | Uy) = (Vg | Uo)* — this should not come as a surprise, because we
have already discovered that when converting a vector into its dual form we
needed to replace the vector coefficients with their complex conjugates. This
result is merely a consequence of this.

~ 2
Procry = (P2, P1) = [(Va | U1))] (4.24)

For this reason the complex number (Vs | ¥1) is called a probability amplitude for
the transition from | ¥1) to | U3). The tradition in quantum mechanics, that goes
back all the way to Dirac, is to write and read probability amplitude expressions
from right to left.
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A special case here are probability amplitudes for transitions to the basis states
(1| 1) and (|| ¥1). These amplitudes are simply:

vy = (O o +b D) =a (4.25)
(e = (Ul e D +bu ) =t (4:26)

We can therefore write

| ¥y) DT+ D Y1)
| Wa) = [T W)+ [1)(L] ¥2)
(Ua | W) (Wo [T)(T] 1) + (W2 [L)(L] ¥1)

This last expression has a peculiar interpretation within the lore of quantum me-
chanics that derives from the “superstition of superposition”. It says that on its
way from | ¥1) to | ¥3) a qubit transits both through |1) and [|) at the same time,
as if splitting itself and being in these two states simultaneously. Well, as we have
seen before, a qubit that is described by | ¥1) = ay |T) + b1 ||) is neither in the |T)
state nor in the ||) state. It is in a different state altogether that is not clearly ex-
pressed by the unitary formalism, but, instead, it is hidden inside the two complex
numbers a; and b;. This state can be always extracted by switching to the density
operator formalism and extracting probabilities of all required qubit characteristics
from it, or by juggling a; and b; following equations (£13)), (£I4)) and [@I3).

The word “transition” hints at some “motion” with intermediate states in the
system. But when we think about a state of a qubit as polarization and then the
act of the measurement as filtration, there isn’t really any motion involved. Some
qubits get through the filter, some don’t. This is the same as filtering photons by
a polarizer plate. What is the actual mechanism involved in getting through the
filter and what it is exactly that happens to a qubit when it gets rejected, this
is something that quantum mechanics doesn’t really tell us much about. It is a
probability theory and as such it describes rather than explain#.

When contemplating quantum transitions, it is probably best to think of (U5 |
U;) as representing just such an act of filtration. The qubit does not really go
through |T) and ||) any more than it exists in the |T) and the ||) states at the same
time. These are just mathematical expressions written on paper that derive from

4This can be said about any other physics theory. Even though some of them may seem to
explain things, it is enough that a new, more accurate theory is discovered to relagate the old
one to a mere phenomenology. At the end of the day it is safer to leave the difference between
“describe” and “explain” to philosophers and focus on “predict” instead.

More
superstition
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the linearity of the theory. It is perhaps better to think of the qubit as ceasing to be
in the | ¥;) state and re-appearing in the | ¥5) state without anything in-between.
Its quantum mechanical “transition” is not continuous.

But one should not confuse transition probability amplitudes with a unitary
evolution of a qubit. The unitary Hamiltonian evolution is continuous. There are no
sudden jumps here. The transition amplitudes we talk about refer to probabilities of
registering the qubit in such or another state. They refer to the act of measurement,
the act that in itself is not unitary.

4.5 Spinors

How do qubit representations in the Hilbert space transform under the change of
the canonical basis in the qubit’s physical space?

To answer this question we must first answer another question. How do the
probabilities encapsulated in the qubit’s fiducial vector change in the same context?
The fiducial vector of a qubit is

14 r?
1 1—7r*
1+7r*
1+7rY

The components r*, r¥ and r* depend on the specific choice of a basis in the qubit’s
3D space. This 3D space may be a geometric space, as is the case for, say, neutron
spin, or it may be some other more abstract space, as is the case for the quantronium
circuit. But mathematically they’re all the same: 3D real vector spaces.

We can rewrite p as follows

1+ (w?,7r) l+e, 7
1wty | 1| 1—e;-7r
P=5 1 1+ (wo,r) 2 1+e, 7
14+ (w¥,r) l+e, 7

where w’ and e;, i = x,y, 2 are canonical basis forms and vectors, such that e,
points in the direction of the “magnetic field” used to measure the qubit.
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If we rotate the canonical basis so that e; — e;s then p is going to change, but
7 will remain the same, because it represents the qubit and its physics, neither of
which should depend on our choice of directions. Hence

l4+e, -7
1 l—e,-r

r_ = z
p—2 l1+ey-r
1+ey, -7

represents the qubit in the same state r. The only thing that would have changed
is the way we look at it — through a different canonical basis e; in the qubit’s
physical space.

Suppose we rotate the basis by 6 in the e, X e, plane as shown in figure [£.11
The basis vectors e;, e,, e, and e, all have length 1. In this operation vector

A

€, T
€.’
z ey

€. T

Figure 4.1: A counter-clockwise rotation of basis e; onto e; by angle 6.

e, remains unchanged, i.e., e, = e,s. The new basis vectors e, and e, can be
expressed in terms of e, and e, namely

e, = cosfe,+sinfe, (4.27)

e, = —sinfe, +cosbe, (4.28)
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The probability vector p is therefore going to change as follows

l+er-r 1 —sin@r® + cosfr*
Ll I—e-r 1 1+4sin0r® —cosfr?
r_ p _1
p = 2 1+ew/-r 2 1+COSGT$+SiH97‘Z (429)
l+ey-r 147Y

Let us focus on a very simple case. Suppose that r = e, (i.e., 7® = r¥ = 0). The
unitary representation of this state is |T). When looked at from the new basis e;
the probability vector evaluates to:

1+ cos@

;1 1—cost

P=51 1450
1

In the unitary representation that corresponds to the primed basis, let’s call it |T)’
and ||}, the state is going to be described by

=aly+b11)

where a and b must satisfy equations ([ZI3]), (EI4) and [@I3) from page M22 as
well as the normalization condition. In this case

aa* +bb* = 1

aa* —bb* = r® =cosf

ab* +ba* = r* =sinf
i(ab* —ba*) = 1V =0

The last condition tells us that ab* is real. This implies that a and b share the same
phase angle. But since Hilbert space vectors are defined up to a constant phase
factor anyway, we can just as well ignore this phase factor and assume that both a
and b are real. This greatly simplifies our algebra:

a2+ =1
a®—b2 = 77 =cosf
2ab = r* =sind

From the normalization condition

B =1-a?
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hence
a? —b?>=2a>—-1=cosb
hence
o2 = cosf +1 _ COS2Q
2 2
and

0 0
b2:1—a2:1—cos2§:sin2§

In summary:

a:j:cosg and b::tsing

How to choose the signs? For § = 0 we must have

) =y

hence a = + cos g. Then the r*’ equation tells us that for small positive angles 6 b
must have the same sign as a, consequently b = + sin g.
In summary

0 0
1) = cos 5 1) +sing |1 (4.30)

If r = —e,, then the reasoning is very similar, but we end up with minuses in
front of cos and sin in the 7% and r* equations. The latter tells us that this time
a and b must be of the opposite sign, and the former selects sin for a, and so,
expecting that for @ = 0 we should have ||) =|])" yields

1= —siny 1 +cos g 1) (131)

Observe that because |1) and ||) rotate by §/2 when the physical basis of the
qubit rotates by 6 we end up with something very strange when a full 360° rotation
is performed. This operation maps

M — =1 and
) = =1

This peculiarity is not physically observable, because in the corresponding proba-
bility transformation we have a full rotation by 360°.

Geometric objects that tranform according to equations (£30) and ([@3T]) when
the physical basis of the qubit is transformed according to equations [@27)) and
H2]) are called spinors. We have therefore discovered in this section that the
unitary representation of qubits, the qubit Hilbert space, is made of spinors.
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Having established this, let us go back to equation (£29) and work on it some
more. In general, a rotation of the canonical basis is described by an orthogonal
transformation A such that

€

ZAifjej and
J

wz” _ ijAji/

J

where

S AFA = 57 and

k/

ZAi’kAkj/ = 5i'j/

k

We have mentioned this already in section [[7 page In this more general case
equation ([£29) assumes the following form

’

14+ (w*,7) 1+, Aﬁ/ (W r) 1+, Aiz/ri

o iy | 1 1A Wiy | 1] 1=, A
Pool a4 m) | T2 1+ A% wir) |~ 2| 145, A7
14 (W, 7) 1+, AV (whyr) 1+, A7

Now we have to do something a little confusing. Vectors e;, i = x,y, 2z, and ey, i/ =
2.y, 7', and their dual forms w’ and w® operate in the physical 3D space. But in
the fiducial space we also have canonical vectors and forms we used to decompose
the fiducial vector p into its components. We called them e;,7 = 0,1,2,3 and
w',i=0,1,2,3. To avoid a clash of symbols we are going to mark them with a hat:

e; and @' where 1=0,1,2,3

Moreover, we're going to use primed indexes for them in the expression below, be-
cause they refer here to measurements made with respect to the primed directions.
Using these we can rewrite our expression for p’ as follows:

p/ = ;( 1+ Z Aizlri é0/+ 1-— Z AiZITi ey

1=,Y,% 1=x,Y,%

i+ >0 AT er+ (14 Y AYY é3,>

i=x,y,z i=x,y,2
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Now recall equations (ZI2]), page [63] namely

. 1

€/ - 5 (gl’ + Sz — Sz’ — gy’)
. 1

ey = 5 (17 — G2 — Gy — gy’)
é2’ = Sz

ész = Cy’

Using these we can replace é; with varsigmas, which yields

1 o ’ ;.

1=,Y,% 1=x,Y,2 1=x,Y,%

This tells us that

’ A
r® _ § : Alm 7

1=x,Y,%
o7 ro
rY = E AVt
1=x,Y,2
! ’ .
r? — E Aiz rt
1=1T,Y,2

which is what we knew all along, but we can rewrite this expression differently,
grouping the terms around r*, r¥ and r* instead of ¢/, ¢,» and ¢,/ and this time
we get:

1 , y y
p = 5| v +r? Z Ayt i + 1Y Z Ay' i + 77 Z At sw

il =z’ y’ 2 i'=x' y' 2 i'=x'y' 2

and this tells us that

Sz = Z Ax /Cz’ (432)
i =x'y 2!

sy = >, Ao (4.33)
i’:w’,y’,z’

s: = Y, M (4.34)

=’y

meaning that the three varsigmas indexed with «, y and z transform like 3D vectors
under the rotation of the canonical basis in the qubit’s physical space, even though
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they have 4 components. The varsigmas are therefore very peculiar objects. They
stand with one leg in the qubit’s fiducial space and with the other one in the qubit’s
physical space. They are subject to transformations in both spaces.

To know that they transform like 3D vectors in response to rotations is going
to be very useful especially in more complicated situations, where we will have
probability matrices that cannot be decomposed into individual probability vectors.
Such situations will arise in multi-qubit systems.

4.6 Operators and operands

In the preceding sections of the chapter we managed to recover an image of pure
states (and pure states only) within the formalism of the qubit’s Hilbert space that
resulted from the unpacking of quaternion symbols into 2 X 2 complex matrices —
which, nota bene, all turned out to be Hermitian.

But so far it has only been the density quaternion, or the quaternion equivalent
of the probability vector in the fiducial space of a qubit, that we played with. What
about the other quaternion, the Hamiltonian?

Recall that

H=—-u(Byo, + Byo, + B,o.)

which translates into

B B.  B,—iB,
H_—u< B viB, B ) (4.35)

Now, since we can think of H as an operator, the obvious question to ask is, what
it does to the vectors of Hilbert space, we have identified in the previous sections.
First consider B = B,e,. For the Hamiltonian constructed from this field

a5 ) ()= (3

Similarly
B, 0 0 0
HT |l>:—M( 0 _BZ><1>:;U/BZ(1):NBZ H«>

We discover that |T) and ||) are eigenvectors of H; and the corresponding eigen-
values are expectation energies that correspond to these states. Recall that in this
case the fiducial formalism would have returned:

(By) = (1y,py) = (~uBas®, 5 (1 +62)) = —B.
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because (¢*,s.) =2 and (¢*,¢1) = 0.
Similarly

1
(E)) = (ny,p)) = (—uB.s%, 5 (61 —2)) = ubB.,

2 (
We have already introduced the notation |T)(T| and |])(l| to describe p; and p,

as tensor products of unitary vectors and forms, cf. equation (£I0), page [15, and
equation ([AIT]), page[lTI6l In the matrix notation

T><T|=((1) 8) and ll><l=(3 ?)

The Hamiltonian Hy can therefore be described as

H; = —uB. (1] +uB. [1)(]

Measuring the energy of an individual qubit against this Hamiltonian returns either
—uB., and in this case the qubit emerges in the 1) state from the H; measur-
ing apparatus, or uB,, in which case the qubit emerges in the |]) from the H|
measuring apparatus. This we know from the experiment.

From the unitary point of view then, the measurement represented by H; per- Measurements
formed on an individual qubit performs an act of projection. Whatever the state as projections
of the qubit was originally, the measurement projects the qubit either on the |1) or
on the |]) state.

The operators |T)(T]| and ||)(]l| may be thought of as projectors: Py and P|. Hamiltonian

Hence the Hamiltonian itself becomes a linear combination of projections: eigenstates as
projection
H;=—-uB,P;+uB, P, operators

The projectors have the following obvious properties

PP = |D(T({I=0
P Py = |[)(T(TI=0
PPy = [NHIMOI=I0(1= Py
PP = [H{ULH{UI=D{I=P,

Also

10 0 0 10
PT+P1_(0 0>+<0 1)‘(0 1)‘1

We say that the projectors are orthogonal (because PyP; = PPy = 0 — this is
what orthogonal means) and idempotent (because PPy = Py. and P\P| = P| —
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this is what idempotent means). We can combine these two properties into a single
equation, namely
PZ'Pj = (Sij Pl

where ¢ € {1,]} 2 j. Also we say that the set of projectors is complete (because
>ie(r,1y Pi =1 - this is what complete means).
The measurement represented by H'; defines a complete set of orthogonal pro-
jectors. This is true of any quantum measurement within the unitary formalism.
For an arbitrary superposition a 1) + b |])

Hi(all)+0b|])) = (-pB.Py+puB.P)(al|l)+b][l))

The first projector Py kills ||), but leaves |T) intact, because it is a projector, and
the second projector P| does the opposite. And so the result is

Now let us zap this result from the left hand side with (¥ |:

(a* (1] +b* (1) (a(—pBz) |1) +b(uBz.) [1))
— aa*(~uB.) + b (1B.)

= 2 (L) (B2 + 5 (1) (uB.)
= —uB,r,
= ()

Is this a happy coincidence, or is there more to it? To answer this question we
should evaluate (¥ | H | ¥) for an arbitrary Hamiltonian H and an arbirary vector
| ¥).

This transition amplitude, (¥ | H | ¥), can be understood as either (¥ |
acting on H | ¥), or as (¥ | H acting on | ¥). Both yield the same result,
because H' = H.

But rather than plunge into the computation head first, we’ll begin by figuring
out how individual Pauli matrices affect the basis vectors of the Hilbert space. It
is easy to check that:

o 1) = [

ox |L) = 1)
oy I1) = ill)
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oy 1) —i [T)
[ |T> = |T>
o 1) = -1

Now we are ready to plunge:

—p(Bo, +By0'y+Bzo'z) (a |T) + b [1))
=—p(Bs(a [l) + 0 [1)+ By (ia ||) —ib [1)+ B (a |T) — b [l)))

Now let us zap it from the left hand side with a* (| +b* (|| remembering that
(111) = (1|T) = 0. This results in:

—p (Bg (@"b+b"a) + Byi (b*a — a™b) + B, (a"a — b*b))

But recall equations (£14), (£15) and (#I3)

on page [12)

ab* +ba* = r°
i(ab* —ba*) = rY
aa® —bb* = r?

Making use of these we get:
(V| H | W) = —p(Byr® + Byr? + B.r%) = (E)

This formula holds for any other Hermitian operator that represents some mea-
surable quantity. Summing up what we have learnt so far about fiducial, quaternion
and unitary pictures of quantum systems, we can write:

(n4;p) =2R(Ap) =Tr (Ap) = (V[ A | ¥) = (4)

Let us still go back to the projection aspect of a measurement on a unitary state.
Consider an experiment in which an energy measurement is performed on a state
| ) =a |1)+b|]l). This energy measurement may (and usually does) have a
side effect of splitting the incident beam of qubits so that all qubits in one beam
emerging from the measuring apparatus are |1) and all qubits in the other beam
emerging from the measuring apparatus are |]). The intensities of both beams
would be equal to Ipa*a and Iyb*b respectively, where Iy is the intensity of the
incident beam.

If we were to mix the two beams back together, we would end up with a mixture
of qubits in both states in the proportions corresponding to the beams intensities.

(V| H|)
(E)

FExpectation
values in the
unitary
formalism

How the
measurement
affects the
original pure
state.
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Once the measurement has been performed the original pure state, the superposi-
tion, is destroyed — in general. But if we were to look at each of the two beams
in separation, we’d find that the qubits in them are all in pure states, namely |T)
in one and ||) in the other, new states induced by the measurement, states that
incidentally are the eigenstates of the Hamiltonian.

These states are not Py | ¥) or P | ¥), because the projections of | U) are not
normalized, namely

P %) = alf) and
Py |U) = bl])
How can we express the states that emerge from the measuring apparatus in terms

of the original | ¥) and the projectors?
The expectation value of P is

(U Py | 0)=(¥|all)=a"a(l]l) =a"a=|af* =p;
and similarly for P:
(U P | W) =[b]*=p,

In other words, the expectation value of a projection operator P; is the probability

pi. Therefore ‘
Py |¥) _ |a|e®

DEE
(V[P |W) lal
which is |1) up to the phase factor e’®=. Also
P |Y b|ei®e ,
T

VTP o) bl

The effect of the measurement performed by H = —uB, Py + puB, P on | ¥) then
is to produce two beams in states

Py | W) P | V)

and ————=—oor (4.36)
(V| Py | W) (WP W)

with beam intensities equal to Io(¥ | Py | ¥) and Io(¥ | P | ¥) respectively.

We can rewrite the above formula in terms of density operators. Let us consider
the outcome of the Py operation first. Here we find that the state of qubits in the
beam produced by this projector is

P |0) (| Pl Py| W)U |P] PpP]

VETPTY) TP ) (V[P |¥) — Tr(Pip)
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Because (U | Py | ¥) and Tr (Pqp) are both the same thing, i.e., the expectation
value of P; on p.

As the same holds for P we can restate equation ([@36) by saying that the effect
of the measurement performed by H = —uB, Py + uB.P| on p is to produce two

beams in states : :
P.pP P, pP
W g AT (4.37)
Tr (P1p) Tr (P p)
Equations (L31) are more general than equations ([@36]), because they can be ap-
plied to mixed states as well. The projectors P;, however, are associated with pure

states only.

4.7 Properties of the density operator

Suppose we have an arbitrary 2 x 2 complex matrix p. We can ask ourselves a
question: when is this matrix a plausible density matrix? Being just 2 x 2 and
complex is clearly not enough.

We have answered this question implicitly by developing the whole formalism of
quantum mechanics from the probability side rather than from the unitary side,
arriving at the expression

1
pP=3 A+r%0,+1r%0y +1%0) (4.38)

where r*, ¥ and r* are parameters that define the probability vector p in such
a way that all its entries are guaranteed to be confined to [0, 1] and the first two
entries add up to 1.

In other words, we can say that if p can be written in the form ([@38]) with r*, r¥
and r* forming a 3-dimensional real vector of length less than or equal to 1, then
p is a plausible density matrix.

So, let us rephrase the original question as: “What general conditions does matrix
p have to satisfy to be rewritable in form ([€38)?

The first condition is obvious. Matrix p must be Hermitian. This is because all
Pauli matrices are Hermitian. If they weren’t Hermitian, they couldn’t represent
Pauli quaternions and we wouldn’t have the mapping from probabilities to 2 x 2
matrices via quaternions.

Since there are 3 linearly independent Pauli matrices plus the identity matrix,
together they constitute a basis in the space of 2 x 2 complex Hermitian matrices.
Every 2 x 2 Hermitian matrix must be of the form

p=al+bo,+co,+do,
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Now, in order to pin a to 1/2 we can simply request that Tr (p) = 1, because all
Pauli matrices are traceless and Tr(1) = 2.

But this still leaves too much freedom to possible values that b, ¢ and d may
assume.

Recall that if p corresponds to a valid fiducial state p then for every other valid
pure qubit state p,, defined by some direction n, where n - n = 1 we have that

(cf. equation ([L20), page [27)
Pp,—p = <i)nap> = <i)n>P € [Ov 1]

It is convenient here to switch p,, and p around, so that we consider

(D,pn) = (P)p,,

instead. Since p,, is a pure state we can always find such | ¥,,) that the density
operator that corresponds to p,, is | U, )(¥,, |. But this is our good old friend, the
projector, discussed at some length in section Let us call this projector P,
rather than p,, then and using this notation we find that

(P)p, =Tr(Pnp) = (Vn [ p| ¥n)
Hence we get the following condition
Vn(Un [ p| ¥n) € [0,1]
This condition in a somewhat relaxed form
Vn(Un | p| ¥p) >0 or V,Tr(Ppp) >0 (4.39)

is referred to as positivity of the density matrix p.

It is easy to see that this condition is sufficient to enforce r - r < 1.

Because p is Hermitian, it can be diagonalized by “rotating” the basis of the
Hilbert space, so that it aligns with the eigenvectors | 7;) of p. Strictly speaking
“rotations” in the Hilbert space are unitary operations. Now we can choose the
eigenvectors | 1;), ¢ = 1,2 of p as some of these | ¥,,) vectors and for each of them
we still expect that

i | p | mi) = pilni | i) = pi € 10,1]

where p; are the eigenvalues of p. This implies that both eigenvalues of p must be
confined to [0, 1] too and they must add to 1 as well, otherwise the trace condition
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isn’t going to be satisfied. The determinant in this case, being a product of both
eigenvalues p; and po, must be positive.

Because the determinant is an invariant of unitary operations in the Hilbert
space, we see that the condition outlined above is captured by

detp >0

which must hold in any Hilbert space basis.

Recall equation ([f3), page [I4l If we allow the r’ coefficients to be anything, it
corresponds to our general matrix p with a = 1, which, as we saw above, derived
from the trace condition.

We can now use equation (@3] to evaluate the determinant:

detp = i((l#—rz)(l—rz)—(r:”—i—i?“y)(rz—iry))
= (- - e
= i(lfr~r)>0

which implies that
r-r<l1

In summary the following three conditions characterize a plausible density matrix

P

1. Matrix p must be Hermitian.
2. The trace of p must be 1.

3. Matrix p must be positive, i.e.,

Vn(¥n | p|¥Un) >0 or V,Tr(Ppp) >0

The positivity condition is not an easy condition to use in general, but if we can
show that at least one of the eigenvalues of p is negative, this disqualifies p from
being a plausible density matrix right away.

There is one more property that pertains to density operators of pure states only.
For such operators we find that

pp=p (4.40)

because these states are projectors.
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The proof that p of a pure state is idempotent is trivial on the unitary
level. Since for a pure state we have that

p=[ V)|
we can easily see that
pp =[ U)W |- [ WY |=[ &) (| ) (¥ |=| ¥) (1) (¥ |=| (¥ [=p

It is instructive to repeat this computation on the quaternion level, because
this is going to tell us something about the geometric significance of the
density operator’s idempotence. Consider p = (1 +3, r’cn) /2, then

Pp
:1 1—|—Zrio- 1 1+ero'~
2 - ]2 - ’
1 ) ) o
=1 <1-1+ I-eraj + (Zr’ai) -1+ZZT17"]UZ--0'J-)
J i i
1 ) o
_ i i s ; .
=1 (1—1—227" O'Z-I-ZZT r <6zjl+zzk:eljka'k>>
J i
=1 ((1+r-r)1+22rio'i>
because ZZ Zj rirjeijk = 0 on account of rr? being symmetric and e;;x
antisymmetric.

Observe that only when r - r = 1, i.e., only for pure states, do we end up

with
pp = % <1+Z“‘7i) =p
1
otherwise r-r falls short, it does not reach the 1 and we end up with a deformed

quaternion that does not represent any state, because its real component is
less than 1/2.

Conditions [0 through [3] as well as the observation that a density operator of a
pure state is idempotent extend to quantum systems of dimensionality higher than
those of single qubits, for example to multi-qubit systems and even to infinitely
dimensional systems.

4.8 The Schrodinger equation

Like the fiducial vector of a qubit, p, and like its corresponding density quaternion
p a Hilbert space vector | ¥), that describes a pure qubit state, evolves too in the
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presence of a “magnetic field” B. This evolution can be easily derived by taking
apart the von Neumann equation (B3] discussed in section [3.6] on page [[00)

d i
o= ——[H
The trick is to substitute Unpacking the
p=|U)T| von Neumann

. . o . equation
We don’t even have to split | ¥) into a superposition. Consider first the left hand

side of the resulting equation:

Gr= g (mw = (G re)wie e (G o)

On the right hand side we have

1

7 (H U] — [O)(Y ] H)

Combining the two we discover a sum of two equations:

d i
(5 19) @l = ~fE@]
0 (Sw)) = jw i) )
dt B h
These two equations are duals of each other and they reduce to:

d i
— |WY=—-H |V 4.41
g | V="7HIY (4.41)

This is the celebrated Schrodinger equation for a qubit. Like the von Neumann Schriodinger
equation and its fiducial space equivalent this equation preserves the purity of the equation
state. We call this evolution unitary because it does not affect the length of the state
vector | W), which remains (U | ¥) = 1, or... unity. The name “unitary” is also
used to describe the whole formalism that results from unpacking quaternions into
Pauli matrices and that represents quantum states by vectors in the Hilbert space
on which the matrices operate, rather than by density quaternions (or operators).

This formalism is the subject of this chapter.

Observe that H is the most general 2 x 2 Hermitian matrix. For such a Matriz H s
matrix the diagonal elements must be real, because in this case H;; = H;i universal — it
implies H;; = Hj;, and off diagonal elements must be complex conjugates of describes all

2-dimensional
quantum
systems
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their mirror images across the diagonal. This leaves us with 4 independent
parameters and we find them all here in equation ([@35]). Well, we actually find
only 3, but remember that H represents energy, and energy is only defined
up to an additive constant. We can therefore always choose the constant so
that H11 = —H22.

A Hamiltonian is responsible for a unitary evolution of a quantum system.
Because H is the most general 2 x 2 Hamiltonian possible this means that
any other quantum system characterized by two basis states only must be
described by a matrix that looks the same. The interpretation of vector B,
of course, differs from a system to a system, as does the intepretation of r,
but the equations and their solutions are identical.

This is why whether we talk about a quantronium or about a neutron spin,
two systems that couldn’t be more different at first glance, we end up with
exactly the same mathematics, the same dynamics and the same properties.
Whatever can be said about a neutron beam, translates immediately into
pronouncements that can be made about a statistical ensemble of quantroni-
ums, or two level molecules, or two level quantum dots, or any other two-level

quantum system.

4.8.1 General solution of the Schrodinger equation

Equation ({4T]) can be solved quite easily for a general case of H. We are going to
solve it first for H = constant.
Consider a simple discrete approximation of the Schrédinger equation:
dH | V(t+ At)) — | ¥(1))

i
dt = At - 7ﬁH @)

We can extract | ¥ (¢t + At)) from it and this leads to the familiar Euler time step:

W+ A1) = () — 3 H | W(0)Ar

This equation tells us something quite insightful about the Schrédinger equation to
begin with. The Schrédinger equation basically represents the simplest evolution
possible. It says that evolved over a short time span At vector | U(t+ At)) is going
to differ from the original vector | ¥(t)) by a small linear correction — £ H | W(t))At.
There are no fancy second derivatives here as we have in the Newton’s equations,
no third derivatives as we have in the Lorentz-Abraham equations, no complicated
curvature terms and connection symbols as we have in the Einstein’s equations of
General Relativity. It is amazingly simple.

Let us use this insight to figure out how a quantum system is going to evolve
over a longer time stretch.
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Let us take t = 0 as our starting point. After a sufficiently short At an initial
state | ¥(0)) will evolve into

1
| U(AL)) = (1 + Z_hHAt> | ¥(0))
Having made this one time step, we can make another one, also of length At:

| U(2A8))

(1 + ithAt> | U(AL))
_ (1 + z_thAt) <1 + ;hHAt> | ©(0))

It is now clear that for every additional time step of length At, we’re going to act on
the initial state | ¥(0)) with a yet another instance of (1 + - HAt). In summary:

| U(nAL) = (1 + Z,thAt>n | w(0)

But nAt =t, so .
w) = (14 GHD) o)

This expression is approximate, because it results from taking n finite, though
small, time steps of length At = t/n. Clearly, we can only get more accurate by
making At = t/n smaller, which is the same as taking n larger, converging on the
exact solution for n — oo:

n—oo

| () = lim (HithD | (0))

This limit can be evaluated as follows. Recall the familiar Newton formula for

(a+b)™ )
(@a+b)"=>" (Z) a kP

k=0

We can use this formula here, because 1H = H1 (the derivation of the Newton
formula makes use of ab = ba), and this yields

Ht\" & (n\.,_ . (Ht\"
1+—) = 1k (22
(i) =2 () ()

k=0

Advancing the
Schrédinger
equation by
multiple Euler
time steps
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Of course 1 applied any number of times is still 1, so we can drop it. We can also
unpack the (}) symbol and this is what we end up with:

() = e ()

Let us have a closer look at n!/(k!(n — k)!). This can be rewritten as:

n—k+1)(n—k+2)...(n—k+k)
k!

We have clearly k terms in the numerator and they are all of the form (n —
something) with the exception of the last one, which is just n. If we were to
evaluate this we’d get

n® + nF~1 x something + n*~2 x something else + . . .

But observe that there is also n* in the denominator of (Ht/(iln))*. For n —
oo n¥/nF = 1, but all the other terms like n*~! x something/n* become zero.
Consequently we end up with:

"1 (Ht
li 1+ — — | = 4.42
s () =2 (G ) (442
Ah, but this looks so much like e*, recall that

k

> X
r=>" a (4.43)
k=0

Sure, we have just a plain number z in [@43), but an operator Ht/(ih) in (£42).
We know that e” = e x e X ... x e n-times. But what does e mean? Well, it

means:
o0

. 1 (Ht
77,Ht/ﬁ£
¢ kzzok' <m>

General solution This is how we define it and having done so we can write the general solution to

to the the Schrédinger equation for H = constant as:

Schrédinger

equation with a | U(t)) = e " HYM | 0 (0)) (4.44)
constant

Hamiltonian The matrix exponential e? does not always have the same properties as

Properties of an ordinary number exponential e”. The reason for this is that matrices

matrix
exponential
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do not commute in general, whereas numbers (with the notable exception of
quaternions) do. In particular we cannot always write

A B A+B
€€:€+

This equation applies only when A and B commute, i.e., when AB = BA.
Of course, since A commutes with itself, we can always write

eaA ebA — e(a+b)A

But other properties of the exponential, such as ¢® = 1 and e™” = 1/e” still
hold with appropriate matrix substitutions for the inverse and for the 1:

e =1
(4)" =
e = e
The other very useful property is that when A and B are similar, i.e., such

that
B=M 1AM

where M is an arbitrary invertible matrix (sized so that the equation above
makes sense) then

B =Mt M
This is very easy to see when you consider that

BB..B=M'AMM 'AM .. M'AM =M"'AA...AM

The reason why this is such a useful property is that it lets us evaluate exp B
easily if B is diagonalizable, e.g., to A, because then exp A is a diagonal

matrix filled with exponentials of the diagonal terms of A.

But what if H is not constant, what if H = H(t)?
The problem is still tractable. Much depends on how H varies with ¢t. Suppose General solution
H is constant and equal to, say, H; for t € [0,#], then H may change rapidly to to the

H, for t €]ty,ts], and so on. The solution in this case will be Schridinger
equation with
| () = e Hit/h)w(0)) for tel0,t] time dependent
| O(t) = o—iHa(t—t1)/h ,—iH1t1/h | W(0)) for telty,ts] Hamiltonian
| ‘I’(t» — e—ng(t—tg)/he—ng(t2—t1)/he—iH1t1/h | \I/(O)> for t G]tz,tg]

and so on.
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Consider the Schrédinger equation with a time dependent Hamiltonian
L d
i | U(0) = H(0) | 9(0))

Let us chop time into small segments At and let us assume that the Hamilto-
nian changes sufficiently slowly so that we can consider it constant within each
segment. Following the reasoning presented above we can write the solution
of this equation in the following form:

| \Il(t)> _ e*iH(t)At/hefiH(tht)At/ﬁefiH(t72At)At/h
g H(ADAL/R —iH (0)At/R | ¥(0)) (4.45)
Of course, e1eH2 £ H1+tH2 if FT) and Hs do not commute. But suppose

that the evolution of H(t) is such that [H (t1), H (t2)] = 0 for each t1 and t».
In this happy case we are allowed to gather all the exponents into a sum:

| \I’(t)> _ efi(H(t)JrH(tht)+H(t72At)+...+H(At)+H(0))At/h | \I/(O)>

The shorter the At the more accurate the expression, so in the limit of At — 0
we get
| w() = e~ U HO g 0)) (4.46)

Expression such as exp (—iH At/h) represents a finite transformation of a quan-
tum system enacted by H that was applied to the system for the duration of At.
It characteristic feature is that it does not affect the length of vector ¥(¢):

(W(AL) | U(AL) = (B(0) | A/ E=HALR | g(0))

Recall that H is Hermitian, so that H' = H, hence

oHT AR, —iHAt/h _ iHA/h,—iHAt/h _ i(H-H)At/h _ 0 _

We could gather the exponents into a sum, because H commutes with itself. And

so in the end we get
(W(At) | W(At)) = (¥(0) [ ¥(0)) (4.47)

A most general such operation, given by equation ([£43]), is a superposition of
unitary operations and thus a unitary operation itself. Let us call it U(t), so that

| W(t) =U(t) | ¥(0))
Its dual equivalent, UT(t), given by

UT(t) = HOM/hiHA)A/
| tH(t=2A0) At/ iH (1= A AL/ h i H (8 At/h
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evolves a form that is dual to vector | ¥):
(U(t) = (w(0) | U'(1)
When put together, they annihilate each other from the middle onwards:

(1) | w(1)) = (2(0) | UNR)U(1) | ¥(0)
|

< ( ) iH(0)At/h zH(At)At/h

_ (eiH(t—QAt)At/h (eiH(t—At)At/h

€

( iH()At/h ,— (t)At/h)

eiH(tAt)At/h) eiH(tQAt)At/h)
.efiH(At)At/hefiH(O)At/h | \I/(O)>

= (T(0) [ w(0))

A qubit evolution operator U(t) can be represented by a 2 X 2 complex matrix.
These matrices have the following property:

UnuUi(t) =1, (4.48)

which we have just demonstrated. Matrices that satisfy this property are called
unitary, and the corresponding operators are called unitary operators. Hence the
name of the formalism.

Another way to look at the unitary operators is to observe that
ut=u",

that is, the Hermitian conjugate of U is its inverse.
Unitary operators are closely related to orthogonal operators, i.e., rotations and
reflections. Indeed, if U is real, then U' = UT and equation ([@48) becomes

Uut(t) =1,

which defines orthogonal operators.

A combination of U (t) and U’ (t) is needed to evolve a density operator made of
| U) and (¥ |:

p(t) = [WONYE) ]
= |

= U@)p(O)U'(t) (4.49)
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It is easy to get from here back to the von Neumann equation. Consider a short-
time-increment version of U, that is,

UAt) = 1+ %HAt, and
i
1
T — _ =
Ut (At) 1- —HAL

where, again, we have made use of H = H'. Applying these to p(0) yields
p(At

) =U(At)p(0)U (At)
(e Las) oo (1 L)

= <p(0) + ZA}:Hp(O)) (1 - z'thAt)
= p(0) + 2 Hp(0) - 2L p(0)H + O(a1)?
~ pl0) + = [H, p(0)

And this implies
PO —p(0) L g
At ih "’ ’
which is a finite difference approximation of the von Neumann equation.
The 2 x 2 unitary operators U and U T are not Hermitian. Nevertheless, they can
be represented in terms of Pauli matrices, and mapped onto quaternions, assuming
that some of the coefficients are complex. For example, the small At form of U for

a magnetized qubit is given by

1
ih
At
1-— uZ—h (Byoy + Byo, + B.o )

Together with Ut they produce a small rotation of the polarization vector r by

wr At about the direction of vector B, where wy, = % and B = /B2 + B2 + B2.

Each by itself produces a corresponding small “rotation” of the unitary equivalent
of 7, either | ¥) or (¥ |, in the spinor space. Their compositions, (U(At))", are
equivalent to multiple small rotations of r, and add up to large finite rotations of
T

All that the unitary machinery of quantum mechanics can do to a single qubit is
to rotate its polarization vector 7.
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4.8.2 Larmor precession revisited

Suppose | ¥,,(0)) for n = 1,2 are eigenstates of H. In this case

Applying the Schrédinger equation to the eigenstates results in:
d

ih— | U, (1)) = Ey | Ut
i | Ua(t)) = By | Wa(t))
which has the simple solution Hamiltonian
4 etgenstates
| Wn(t) = e nt/h | ¥,.(0)) “vibrate” with
eigenfrequency

This is a special case of the general solution given by equation ([£44) on page [[48
Each of the eigenstates appears to “vibrate” with its own eigenfrequency

Wp = n/h

The corresponding forms vibrate with the same frequencies but in the opposite

direction:
(W (t) | = (T (0) | €Pnt/P

In all expressions of the kind (U | H | ¥) the two vibrations, that of the vector Undetectability
and that of the form, cancel. Similarly, if you look at the density operator p =| of

W) (¥ | the vibration terms cancel again, so the “vibrations” of the eigenvectors are €igenfrequencies
physically unobservable. The eigenstates just stay put and don’t change. In order

to force a change, e.g., to make the qubit flip, we have to use a different Hamiltonian

H {, such that the original eigenstates of H are no longer the eigenstates of H.

But now consider a superposition of |1) and |]), for example Superpositions
) of Hamiltonian
=) = 5= I+ 1) cigenstates
V2 precess with
L
and assume that H = —pB,o,. Both |1) and ||) are the eigenstates of this armor

. . . . frequency, which
Hamiltonian, as we saw in section 0] page 130 corresponds to

Each of the two eigenstates will evolve in its own way, independent of the other 4, difference
one, because the Schrédinger equation is linear. If | ¥'(0)) =|—) then at some later petpeen

time t etgenenergies.

| 9(0) = 5 (BN 1) e )
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Let us invoke again equations [@I3), (£14) and (£I0) from page [22] namely:

aa* —bb* = r*
ab* +ba* = r”
i(ab* —ba*) = 1Y

Here a = %e“‘th/h and b = %e‘i“th/h. The first thing we notice is that r* = 0,

so r remains in the plane perpendicular to e,. But

2uB,t

(eiQHth/h n e—iZMth/h) — cos and

2uB,t

rY =

DN = N =

(622;Lth/h _ eszp,th/h> — —gin

We see that state |—) precesses about the z axis with Larmor frequency

_ 2uB,
- h

wr

In summary, even though the so called phase factors, with which the eigenstates
“vibrate”, namely exp (—iE,t/h), are invisible in isolation, they become detectable
in superpositions, where they manifest as Larmor precession.

Because our dynamic equation that described the evolution of qubit probabilities,
and then its quaternion equivalent, the von Neumann equation that described the
evolution of the density quaternion were restricted to fully polarized states and did
not describe depolarization, they were, in fact, fully equivalent to the Schrodinger
equation. The unitary formalism reproduces all that we covered in our discussion
of qubit dynamics. The difference is that the unitary formalism hides vector r
inside the two complex coefficients a and b that multiply the two basis vectors of
the Hilbert space. People who look at superpositions such as a |1) + b ||} often
think of @ and b as two real numbers and apply intuitions that pertain to real vector
spaces. But even with the normalization condition aa* + bb* = 1 imposed, there
are, in fact, three real numbers hidden inside a and b, not just two, and together
they encode the three-dimensionality of qubit kinematics and dynamics.

4.9 Single qubit gates

The highly suggestive qubit notation employed by the unitary formalism lets us
identify qubit states |T) and ||) with 0 and 1 of Boolean logic. But, of course, |1)
and |]) are not 0 and 1. Generally, a qubit state | ¥') corresponds to a 3-dimensional
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vector of length 1 (or of length that is no greater than 1 if we allow for mixtures)
that can point in any direction. This, as we have emphasized above, may not be
clear within the confines of the unitary formalism, because r is hidden inside a, a*,
b and b*, but it is there.

The Rabi oscillations discussed in chapter 2] section 210l on page [[5] and then
illustrated with the example of a quantum circuit, the quantronium, discussed in
section [ZTT] (page B3)) provided us with an example of controllable driven evolution
of a qubit that did not result in depolarization — at least on paper, we had actually
seen depolarization in the quantronium example. The tip of the qubit’s vector r
drew a continuous line on the Bloch sphere in the course of the evolution. The
Rabi oscillations were slow compared to the Larmor precession. This was what
made them controllable and precise. For this reason the Rabi oscillations are a
preferred method for executing various computational operations on qubits. But it
is not impossible to use the controlled Larmor precession for this purpose, at least
in principle. By lowering the value of the magnetic field B) we can slow down the
pace of the Larmor precession to the point where it can be controllable.

The simplest logical operation is the NOT gate. We have analyzed it already in
section 2ZT0l But let us rehash the general idea here. Assume the qubit is in the
|T) =] 0) state originally and sits in the strong background field B — storing its
computational value. In order to flip the qubit from | 0) to | 1) we can buzz it with
B, = B, (sinwrte, — coswrte,), where wy, = 2uB)/h, for 7h/(2uB.) seconds
exactly. If the initial state of the qubit was ||} =| 1) the same operation would flip
it to | 0). This is what makes this operation a proper NOT gate: it has to do the
right thing for both | 0) and | 1) at the same time.

We can draw the following quantum circuit representations for the NOT gate.

10) ———— » ——— [1)

RY

= 4%“)}

Figure 4.2: Diagrammatic representation of the NOT gate.

The lines with arrows symbolize, say, a polarized neutron beam. The box la-
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beled with the logical NOT symbol, —, stands for, say, a chamber filled with the
combination of B; and B) needed to perform the operation. The dimensions of
the chamber can be set so that, given the beam’s velocity v, the neutrons of the
beam would spend exactly the right amount of time in the chamber. We have used
the word say in order to emphasize that what the symbols drawn in figure
represent, depends on the particular implementation of the qubit.

The quantum NOT operation can be defined arithmetically too

-10) = |1 (4.50)
-1 = |0 (4.51)

In the world of classical physics this wouldn’t be enough to specify the
operation uniquely. Every rotation by 180° about an axis perpendicular to e,
could be used to implement the operation and there is an infinite number of
such axes bisecting the great circle of the Bloch sphere. But in the peculiar
world of quantum physics | 0) and | 1) are the physicsl basis states and basis
states in the Hilbert space of a qubit as well. This means that equations
(#E50) and (@ET) should also apply to superpositions of | 0) and | 1). Since
as we have seen in section 43| (page [[17)

1

=) = E(IOHID)
1

=) = ﬁ(|0>—|1>)

This implies that both |—) and |«) are invariants of quantum NOT:

1 1
S == (Z5 00+ 1) = 210+~ 1)
1
= (o) =)
and
1 1
Sl == (5 00-11)) = J5 1o -~ 1)
1
— -0y == 1)

The minus sign in front of [«) vanishes when we switch from the basis de-

scription of qubit states to fiducial vectors, so we can ignore it here. In other

words, we can say that quantum NOT leaves e, and —e, unchanged.
Similarly, it is easy to see that
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1

|®) = %(|0>+i\1>>)
1 .
lo) = %(|0>—l\1>>)
which implies that
~le) = ilo)
—-lO) = —i|Q®)

We can again ignore the factors ¢ and —i¢ that appear in front of | ®) and
| ®) on the right hand side of the equations above, because they vanish when
we switch to the fiducial vector formalism. What the above says, in effect, is
that quantum NOT switches e, to —e, and vice versa.

These two additional observations define quantum NOT uniquely as the Quantum NOT
rotation of the Bloch ball by 180° about e, and not some other axis. 1s the rotation
by 180° about

Having narrowed the definition and implementation of quantum NOT so, we can e,
define another quantum gate, which is called the square root of NOT. If instead of Gguare root of
rotating the Bloch ball by 180° about e, we were to rotate it by 90° only, we would NoT
have to follow this operation with another rotation by 90° in order to complete the
NOT. This is shown in figure

1) Vo Vo 10

1 0) - Vo Ve D)

Figure 4.3: The square root of NOT.

The corresponding arithmetic definition of the square root of NOT is

VA0 = (1)
VAL = 10)

Now, if we can have the square root of NOT, could we have a non-trivial square
root of the identity? Such an operation is shown in figure L4l It is called the
Hadamard rotation after the French mathematician Jacques-Salomon Hadamard
(1865-1963). Hadamard

rotation,
HH =1
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The Hadamard rotation H rotates the Bloch ball about the direction that bisects
the right angle between —e,, and e, as shown in figure [£.4] by 180°. Because the
direction of the axis of the Hadamard rotation is inclined by 45° with respect to
—e; and e,, the rotation swaps —e, and e,. The Hadamard rotation also swaps
—e, and e,. Repeating it twice restores the Bloch Ball to its original orientation,
hence HH = 1.

Figure 4.4: The Hadamard rotation H rotates the Bloch ball about vector h, which
bisects the right angle between —e, and e,, by 180°. This swaps —e, and e,. At
the same time, e, and —e, are swapped too. Applying H twice results in the
rotation by 360° about h, which brings the Bloch ball to its original orientation.

We can define the Hadamard rotation diagrammatically as shown in figure
The arithmetic definition of the Hadamard rotation is as follows:

1
HI0) = (0 1)
H(1) = —(0)-|1)

V2

It is easy to see both from figure [£4] and from the following calculation
that the Hadamard rotation swaps e, and —ey:

1 ;
H &)= H=(10)+i] 1)
_1(L 5o
=2 (G500 1+ 20 11)
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|1 - H - =)= (10)-11))
1 0) - H - =) =25 (10)+ 1))

Figure 4.5: Diagrammatic representation of the Hadamard gate.

:i(”" o)+ 1 |1>): LHi L o)1)

V2 \ V2 V2 V2 V2
_LHi o
V2

As before we can ignore the factor (1 4 4)/v/2, because it vanishes in the
translation between the basis states and fiducial vector descriptions of the

qubit.

Operations such as the Hadamard rotation and the square root of NOT are a
reflection of the fact that by using the controlled Larmor precessions about various
directions in space, or a combination of the Larmor precession and the Rabi oscilla-
tions we can do with a qubit all that we can do with a normal ball. We can rotate
its Bloch ball in any way we wish thus implementing an arbitrary continuous map-
ping between any two points on the Bloch sphere. By adding various dissipative
operations such as the measurement we can dig into the interior of the Bloch ball
too.

This makes the qubit a very rich object, markedly richer than its classical cousin,
the bit, which can only assume one of two discrete values. These riches resemble
analog, or fuzzy logic computing, where a computational element can assume any
real value within a certain range. Indeed, a classical ball, e.g., a ping-pong ball,
provides us with the computational equivalent of the qubit’s Bloch sphere.

The only snag is our inability to extract the full information about = from a
single measurement. In order to ascertain the state of the qubit we have to perform
a very large number of measurements on it, in other words, we have to fully explore
its statistical ensemble.

There are two fundamental ways to do this.

The first way is to work with a single qubit sequentially, as we have seen in the
quantronium example. We would prepare the qubit in some well defined initial

Similarity to
analog
computing

Qubit states can
be ascertained
only by
exploring their
statistical
ensembles.
Sequential
exploration of
the statistical
ensemble
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state. Then we would perform some operations on the qubit and finally we would
send the qubit through the beam splitter in order to see if it emerges in state |1) or
|1). We would have to perform this procedure, for example 50,000 times, as was the
case in the quantronium example, in order go gather sufficient statistics that would
give us r*. We would then have to repeat all these operations without change but
on the output we would modify the beam splitting chamber so that the qubit would
emerge from it in state |—) or |«). After some 50,000 of such measurements we
would get a fair idea about 7*. Then we would have to repeat this whole procedure
once more, but this time we would rotate the beam splitting apparatus so that the
qubit would emerge from it in state | ®) or | ®), which, after sufficient statistics
had been collected, would yield 7.

The other way to approach the measurement of 7 is to work with millions, perhaps
even billions of identically prepared qubits and send them in the form of a particle
beam through various gates all at the same time. It will be then enough to rotate the
beam splitting apparatus in various ways and to measure output beam intensities
in order to reconstruct r. This is a quick and very accurate way of doing things,
because the large number of qubits ensures that we can average random errors away
and obtain very precise distributions. The underlying assumption here is that the
qubits do not interact with one another, or, if they do, that such interaction can
be averaged away too.

4.10 Taking qubits for a ride

So far our qubits were stationary. A qubit would hang somewhere suspended either
in a solution (this is how nuclear magnetic resonance experiments are carried out)
or drifting in vacuum (this would be a qubit trapped in a potential well, or a qubit
in a particle beam), or printed on a circuit board, and we would subject it to either
static or buzzing “magnetic field” in order to manipulate its quantum state.

But there are also other ways to manipulate qubits. For example, one may
subject a qubit to a sweeping magnetic field. Such magnetic field sweeps can be
more precise and much faster than manipulating qubits gently by buzzing them
with weak magnetic oscillations. And speed matters for many reasons. Faster
gates mean faster computers for starters. But faster gates also mean that quantum
information can be processed before the qubits that the information is encoded
on decohere. Because of qubits’ great sensitivity to the environment, quantum
computing is always a race against time.

But in this section we are going to look at a yet another way of manipulating
qubits that is in itself very interesting and that may play a role in the future of
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quantum computing, although there hasn’t been much activity in this field yet. We
are going to take qubits for a ride. A slow ride in a parameter space.

In the process we are also going to exercise all that we have learnt in this
chapter: various formulas of the unitary formalism, whatever we learnt about

the Hamiltonian and its eigenstates, the Schrodinger equation, etc.

How would a qubit’s state change if we were to drag it from A to B along a
certain trajectory through space filled with a “magnetic” field B that varies from
location to location?

This question proved remarkably fruitful and it was only answered by Sir Michael
V. Berry of Bristol University in a paper he published in the Proceedings of the
Royal Society of London in 1984 [6]. For this achievement Berry was awarded
a prestigious Wolf Prize in 1998 together with Yakir Aharonov, who discovered a
related Aharonov-Bohm effect in 19595, But the Aharonov-Bohm effect was specific
to charged particles in the presence of the magnetic potential, whereas Berry effect
applies to every quantum system, electromagnetic or not. It applies to systems that
are not necessarily qubits too.

In practice moving a qubit physically from A to B is a difficult, if not impossible, Moving the
endeavour. Qubits are extremely delicate, so there is no way to move them, even environment
touch them, without destroying their quantum state at the same time. But since around a qubit
motion is relative, we can always move the environment around the qubit instead. .. equivalent to
and this is how the related experiments are carried out usually. sz}ng the qubit

itself.
4.10.1 Dragging a qubit along an arbitrary trajectory

Our starting point is the Schrodinger equation (€4T]):
. d
ih= [ 0(t)) = H({) [ ()

The environment the qubit is immersed in is represented by the Hamiltonian H.
As we move the qubit around a trajectory given by x(t), where * = (z,y,2) is
the guiding vector, its environment changes and this can be described by making
the Hamiltonian an explicit function of position x(¢). Once the Hamiltonian is an
explicit function of position, so must be the state vector, and so we end up with

n% | U(a(t))) = H (x(t) | (x(t)))

5The reason why David Bohm was not awarded the prize was because he was dead by then.
Bohm died of heart attack in London in 1992.
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At every point along the trajectory the Hamiltonian matrix has some eigenvec-
tors, two eigenvectors in the case of a qubit. They will vary from a point to a
point changing their direction, though not length, because this is all done within
the unitary formalism. Let us call these position dependent eigenvectors | n(x(t)))
so that

H(z(t)) | n(x(t))) = En(2(t)) | n(a(t)))
where F,,(z(t)) is the eigenvalue of H (x(t)) that corresponds to | n(x(t))) at x(t).

Now we are going to introduce an important concept of an adiabatic motion.
Suppose that a qubit is in an eigenstate | n(x(0))) at the beginning. As we move
the qubit ever so gently and slowly around x(t) the qubit has enough time to “ther-
malize” at every x(t), i.e., to adjust itself to the local Hamiltonian at this position,
so that it remains in an eigenstate, even though the eigenstate itself changes.

Inspired by equation (£.46]) we shall seek a solution to our adiabatic qubit transfer
problem in the form

| (1)) = e~ Uo @A) heimm(®) | (1)) (4.52)

We have the exponential with the time integral of the eigenvalue here, but we also
allow for an additional time-dependent phase factor e?¥»(*)

Now we plug this solution into the Schrédinger equation and the equation should
tell us something about the way the gamma factor, v, (t) relates to the eigenstates
and, possibly, to the eigenenergies as well.

The right hand side of the Schrodinger equation, H | ¥) is easy. Here it simply
translates into

Bu(@(t)) | 9(2))

The left hand side, i.e., the time-derivative side of the equation, is somewhat more
problematic, because the proposed solution ([£52) depends on time in a rather
complicated way. But, at the end of the day there are just three factors here:

| W(t)) = eintesralggamma | oivenyector)

SO

— | P(t)) = (Cltei“tegm) e84 | ejgenvector)

. d
4 eintegral (dtegamma) | eigenvector)

inbeg d
+- eintegral ggamma (dt | eigenvector))
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The easiest of the three time derivatives is the derivative of the gamma factor. Here
it is just:

d o md
ae”"(t) = e (t)&')/n (t)

The other exponential, the one with the integral in it, throws out —i/h and the
exponential itself and then we have to find a time derivative of the integral. But
the time derivative of the integral is simply the integrated function E,, and so:

%64([; En(w(t)dt')/h _ _%eﬂ‘([g Ea@(t) )/ (1))

Finally let us have a look at the time derivative of the eigenstate | n(x(t))). The
eigenstate is a Hilbert-vector valued function of position, which then itself is a
function of time. The time derivative of | n) is therefore

on(z(t)) dax(t)
ox dt
The expression 9/0x is an exotic way of writing a gradient V, so we can rewrite

the above as d dae (1)
x(t
— | n(x(t))) =| Vn(x(t))) -
= () =| () -
Before we go any further, let me explain this expression, |Vn(x(t))) -
da(t)/dt some more. The reason this expression requires explaining is because
we are mixing here vector objects that belong to very different spaces. There
are normal 3-dimensional geometric space vectors and vector operators in it,
namely V and x and then we have a Hilbert space vector | n) in it too.
Any spinor, including | n), can be decomposed into basis spinors, e.g., |1)
and |])

In) = np (1) +nll)
> on™ | m)

m=T,|

> [m)(m|n)

m=T,|

Here n™ does not mean n to the power of m. It means the m-th component
of n, and it is, as we have seen in section [L.4] equations ([£28) and (£26),
simply (m | n(z)), which is a normal complex valued function of position x,
a function that can be differentiated.

Taking a 3-D space gradient of | n) means the following

| Vn(e) = Y Vn"(z)|m)

m=T,|
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- ¥y MEfeeim
m=1,| i=z

_ > eoln om | n(x))

ox?
m=T,| i=

This is a tensor product with one leg, e;, standing in the 3-D space and the
other leg, | m), standing in the spinor space. Now we are going to take a 3-D
space scalar (dot) product of this with

dz(t) _ Z da? (t)

€;j

Of course, we cannot contract e; with | m). We can only contract it with e;,
and so we end up with

e 0 5 (3 A )

m=1,| i=x,y,z

The 3-D vectors of this expression eat each other in the frenzy of a dot product
and leave a 3-D scalar behind. This scalar is

d(m | n(x)) da'(t)
Z ozt dt

1=T,Y,2

and it is this scalar that is now used as the coefficient in the spinor’s expansion

into the basis spinors of the Hilbert space.

Now we have to put it all together into ihd | U)/dt = H | ¥):

d = A (i B dt') /R i ()
=) = g (e e | n(a(1))))

= LB BN, (1)) O | n(a(1)

il [t B () ') e i d
1 et (fg Bala(t)) dt') /hy, vn(t)a%(t) | n(z(t)))
t

(et ’ ’ . d
4 et Bu@®)at) i ) | i (a(t))) - 22

dt
i ;4 (t)
= —pEa(@(t) | V(1) +i— 1 | ()
dx(t)

4 e iUS Ea@@) ) /hginm(®) | Wy (z(t))) - =
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We are nearly there. Let us multiply this by ¢4 and then let us match it against
E, | ) on the right hand side:

ket Ba@W) ) hein®) | p(a(t))) d%t)

= En(z(t) | ¥(t))

We can immediately see E, | ¥) on both sides of the equation. We can also see a
lot of other stuff on the left hand side, which we don’t want. With this other stuff
out of the way we would get E,, | ¥) = E,, | ¥), which is a perfectly fine way of
making the Schrodinger equation happy.

So we arrive at the condition: “this other stuff ought to vanish”. We translate
this into the following equation:

dyy, (t)
dt

d(t)
Cdt

—h | W(t)) + ihe (o Bn@WD ) /heina() | 7 (z(t)) - =0

But recall that | ¥) itself contains three terms and it is good to write them explicitly
here:

_p ) i B @) ) i) | ()

dt
(et 4 ! i dett
+ih€_'¢(f0 Epn(z(t))dt )/hez’yn(t) ‘ Vn(w(t)>> ' %
=0

Now we can throw a lot of stuff away. First we divide both sides by the exponentials,
then we divide both sides by h and this leaves us with:

dn (1) . da(!)
w S n(a(0) = i | V() - 2

Finally we multiply both sides by (n(x(¢))| from the left. This eats |n(x(t))) on
the left hand side leaving a pure time derivative of -, there:

Ay (t) da(t)

i~ in(a(0) | V() - 22 (4.53)
This equation has an obvious solution in the form of a line integral The differential
equation for the
M (C) = z/ (n(z) | Vn(x)) - de (4.54) geometric phase
c i adiabatic

motion
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which says that as we move a qubit along trajectory C, its phase 7, accumulates

contributions of (n(x) | Vn(x)) - Az along the line. It is important to notice that
this accumulation does not depend on how fast or how slow we move the qubit. It
depends only on the variation of |n(x)) along the trajectory C.

The integral is purely imaginary, therefore v, (C) is purely real. This is important,
because if 7, (C) had an imaginary component the exponential e?’* would change
the length of vector | ¥), and this cannot happen within the confines of the unitary
formalism.

That the integral is purely imaginary can be seen as follows:

0 = V1iI=V(n|n)
— (Vnln)+(n] Vn)
= (n|Vn)"+(n|Vn)
= 2R(n|Vn)

4.10.2 A closed trajectory case

Equation ({54) can be transformed farther if the trajectory C encloses a surface S
so that
C =08

where 95 means “the edge of S”. In this case |, ¢ becomes fas and we can invoke
the Stokes theorem that converts a line integral over the edge of a surface into a
curl integral over the surface itself:

]{ (n(e) | Vn(x)) - dz = / (V % (n(@) | Vn(a))) - d°S
o8 S

We should again stop here and explain this expression in terms of actual functions,
vector and spinor components. What is being differentiated here and what is being
“cross-producted”? (n(x) | Vn(x)) is a 3-D vector field on the normal 3-D space.
This vector field arises in the following way:

(o) | Val@) = 3 mnla) (@) ) e

m=1,| i=z,y,2

where nf, = (n | m) and "™ = (m | n). The spinor index m is summed away (we
call such an index saturated) and we are left with just a 3-D space index i. Every i

The line integral
solution for the
geometric phase
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term is then multiplied by e; so that a vector field comes out. Now we act on this
field with the curl operator V x. The result is:

V x (n(z)| Vn(z) = Y eijkei% > on, (m)%nm(m)
1=2,Y,2 m=T.l
j = .’I;, y7 z
k=z,y,z2

where €;;; is the fully antisymmetric 3-D symbol. The spinor index m in this
expression is saturated as before. So are the j and k 3-D space indexes, but this time
they are saturated in the cross-product way so that, for example, the z-component
of V x (n(x) | Vn(x)) is

| E @@ ] - 5| X meye)
m=T,] m=T,]
These expressions may look somewhat tedious, but they should not look scary.
They are easy to understand in terms of what is what. And we are going to go
some way still towards making them more usable.
The first thing to observe about

0 . o .
Z Cijkeiz 5 Zunm(:c)@n (x)

1=2T,Y,% m=i
j :x7y,z
k=xy,z2

is that the derivative 0/0x7 is going to hit n},(z) first, but then when it gets to

9 _0
OxI dzF
is symmetric in j and k. This is a yet another formulation of the rule that a curl

of a gradient is zero, V x Vn™(zx) = 0.
Consequently we are going to have that

V@ va@) = Y S e (3”872§$>) (5?;33296)) ..
m=T.1 1= €, Y,z
J=%,4,%
k=xy,z2

on™(z)/0z" it’ll give us zero, because €, is anti-symmetric in j and k, but

Observe that (Vn | is not the same as | Vn). On the index level one is n}, and
the other one is n'™. This is just as well, because if they were the same then we
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would have something like (Vn) x (Vn) = 0 and the whole computation would be
over.

Now, Vn'™ is simply (m | Vn) and Vn}, is (Vn | m). Therefore we can rewrite
the expression for -, as follows:

30(08) =1 [ 3 (Vnf@) | m) x (m | Va(e)) - &2

m=T,|

because ), €ijreul vt = u x v.

This does not look simpler or more useful than equation ([£54]), but we are now
going to invoke two important facts.

The first fact is that | n) is an eigenvector of a local H at every point on surface
S and therefore it is one of |1) or ||) at that point. Observe that since V{(n | n) =0

we have that (Vn | n) = —(n | Vn), therefore
(Vn|n)x(n|Vn)=0

because for any vector v we have that v x (—v) = 0. For this reason we can rewrite
our expression for v, yet again, as follows:

1 (0S) :@/ngvn(m) | m) x (m | Vn(a)) - 428

where | m) is the other eigenvector. Even though for two dimensional systems such
as qubits, the sum in this equation reduces to just one component, we are going to
keep it, because this way the expression is going to be valid for systems with larger
number of dimensions too — in this case | m) stands for all the other eigenvectors
of the local Hamiltonian.

The second fact is that | n) must satisfy

H |n)=E,|n)
Let us apply the Nabla operator to both sides:
V(H |n)) =V (E,|n))

This yields
(VH) |n)+ H|Vn)=(VE,)|n)+ E,|Vn)

Let us multiply this equation by (m | from the left

(m|VH |n)+(m|H|Vn)=VE,(m|n)+ E,(m| Vn)
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Recall that (m | H = (m | E,,. Also, since | m) #| n) we have that (m | n) = 0.
In summary
(m|VH |n)+ E,,(m | Vn) = E,(m | Vn)

or
_(m|VH |n)
(m | V) = ST

A similar expression holds for (Vn | m). This lets us rewrite our equation for Surface integral
vn (0S) yet again: solution for the

geometric phase

1 (8S) = z/ Z (n| VH | m) x (mn |2VH | n) A28 (4.55) arzﬁng fmm
S in (En — En) adiabatic

motion around

This equation should be read as follows. At every point of surface S we are a closed loop
going to differentiate the Hamiltoanian. This will produce three new operators in
place of just one, they’ll correspond to OH /Ox, 0H /0y and 0H /0z. For a given
state | n) and for each state | m) #| n) (in case of a qubit there will be only one
such state) we are going to have three numbers per point obtained by evaluating
transition amplitudes (n | 0H /0x | m), (n | 0H /Oy | m) and (n | OH/0z | m)
— thus forming a 3-D vector at this point. We are also going to have another
three numbers obtained by evaluating (m | OH/0x | n), (m | O0H/Jy | n) and
(m | 0H /0z | n) forming another 3-D vector at this point. We will have to take
a cross product of these two vectors and divide it by (E, — Em)2 then we’ll have
to take a scalar product of the resulting vector with the surface element d2S and
this will produce a ... number — just a normal complex number. For each point
of surface S this operation has to be repeated for the remaining m-s, if there are
such — this is only going to be the case in quantum systems with a larger number of
dimensions than single qubits — and the results added. Finally, the operation has
to be repeated for every other point of the surface, then the resulting numbers all
summed up, the result multiplied by ¢ and ... this is our ~,.

A numerical procedure doing all this can be easily implemented and this means
that we understand the formula. This is not always the case in quantum physics.

Equations [@54) and ([@3553) provide us with a method to evaluate the change of
phase that accompanies the movement of a qubit (or any other quantum system,
because we were sufficiently general here) along any trajectory and along a trajec-
tory that encloses a surface respectively. The first equation (£54) that looks quite
simple is also very general. The second equation (L55) looks more complicated,
but this is because it is more specific.
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4.10.3 A qubit in the rotating magnetic field

Although the title of this section “Taking qubits for a ride”, as well as the wording
that accompanies the derivation are highly suggestive of moving the qubits in the
physical geometric 3-D space, the formulas derived and the reasoning itself are more
general. They describe the movement of the qubit or any other quantum system in
any parametric space. For example, if a qubit is subjected to slowly varying mag-
netic field, sufficiently slowly for the qubit’s eigenstates to thermalize, i.e., align
with the direction of the magnetic field, at all stages of the evolution — this can be
also thought of as a “movement” of the qubit through ... the magnetic space. The
only assumption we have made in deriving equation (£55) was that the parametric
space was 3-dimensional, so that both the Stokes formula and cross product manip-
ulations could be applied. But no such assumption was made in deriving equation
(E54)), which is therefore applicable to higher dimensional parametric spaces too.
Consider a situation in which a magnetic field vector B is rotated adiabatically
around a qubit in a plane as shown in figure The field’s value does not change

Y

Figure 4.6: Magnetic field B rotates adiabatically around a qubit placed in the
center of the figure.

throughout the rotation. This operation is equivalent to taking the qubit for a ride
along a circle of radius B in the B space as shown in figure [£7]

In order to evaluate a contribution that this operation is going to make to
the phase 7,(05) (remember that there is going to be a dynamic phase factor
exp (—i fot E, (x(t")) dt’) in the complete solution for | ¥U(t)) too) we need to use

equation ([A5H). But right here we have a conundrum, because the surface S in
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Figure 4.7: A qubit can be thought of as moving along the circle of radius B in the
B space.

the B space, namely the circle of radius B, passes through B = 0, where Ey = E|
and equation (LE0) tells us that we should divide some such rather complicated
expression made of a cross product and transition amplitudes by (E} — E 1)2. Alas,
this expression is valid and the same for any surface S as long as its edge is the
contour along which the qubit moves. So here we can use a different surface, for
example, a hemi-sphere of radius B that stands on the great circle of the sphere,
with the qubit moving along the perimeter of the great circle. The hemi-sphere
stays away from B = 0 and so we don’t have the problem. Furthermore, B is the
same at every point of the hemi-sphere, so this will make our calculations easier.

We are going to evaluate 7, (95) for n =1, |. The sum in equation (£55]) reduces
to a single component only, because our qubit system is two dimensional. And so
we have:

_ , [QIVH D) <[ VH]T) .
o) = /S (By - By)* s

_ [ WUVHDX{AIVHI])
7(08) = /S B, — )’ d°s

Surface S may
be deformed so
as to keep it
away from
singularity.

A hemi-sphere
18 a good surface
to choose
because B is
constant on it
and because we
know its surface
area.

Now, let us have a look at VH. This is easy to evaluate because H = —u (B0, + Byo, + B.o. )}

and V = (0/0B,,0/0B,,0/0B.) and so
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Consequently
s =i [ [ GoT I o 1= 1 o2 0t on ) | -cos
s By =E)"\ (1 oa DU oy 1) = (1 oy [1){I] o2 1)
and
Sy gy iy (b1 b W P R
s (By=E)"\ (I ow D] oy 11) = (U oy 1T o2 1)

Observe that v;(95) = —v,(0S). This is easy to see once the integrals have been
written out in detail as above.

Remember that |1) and |]) are the eigenvectors of the local Hamiltonian and the
local Hamiltonian, which is represented by vector B may point in any direction,
not necessarily in the e, direction. Consequently, |T) and ||) may not be equivalent
to (1) and (2), which are the eigenvectors of o,. Nevertheless we can evaluate

0
(E; — E})?, which is (2uB)* and

e w1

(By— B’ 4B 4B

At a given point of surface S we can rotate our system of coordinates so that
H = —uBo, — just at this point only. This does not affect V. H, which still has
three non-vanishing components, but it lets us represent |1) and ||) at this point

and at this point only as (1) and (?) At this point then we can evaluate

0
.0, (V) ne. () -@oe (V) oo, (]
oo ( 7)o ( 5 )@, () 0o (
0 1 0 1
(1,0)0, 1 0,1)0, 0 )~ (1,0)0 1 (0,1)o, 0

Before we go any further, recall that ((1)) and ((1)) are eigenvectors of o,. For this
reason all occurrences of ((1)) o, ((1]) and ((1)) o, ((1)) must vanish and by doing so they’ll
take down the first and the second row of the large, fat vector above with them.

The only row that’s going to survive is the third row. And this row is:

(1,0)0, ( (1) )(0,1)%( é ) _ (170)%< (1) )(0’1)% ( (1) >
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i— (—i) = 2i
And so at this particular point the vector is

0

B
I T s
2i B

By writing it in this form B/B we make it independent of the system of coordinates
we have chosen to evaluate this expression, so that we can use it elsewhere too.

Now we can finally wrap it all together and this is the expression we get for
1 (05) (and for v, = —y; as well):

1@8) =i [ 1
S

The integral fs (B/BS) - d28 represents the solid angle that surface S subtends

B
4B? B F Rl
with respect to point B = 0. Calling this angle 2 we get this amazingly beautiful

2 /s B3

result:

1
7(08) = 39

The phase shift experienced by a qubit in an eigenstate that is moved adiabatically
along a closed trajectory in the B space is equal to £1/2 (the sign depends on
whether it is |T) or [|)) times the solid angle subtended by the surface enclosed by
the trajectory with respect to the B = 0 point. It is very seldom that we arrive
at so startlingly elegant a result in physics or in mathematics.

But what about our specific problem of a qubit in a rotating magnetic field.
What is the actual number?

The number is easy to evaluate. Recall that our surface in this case is the hemi-
sphere centered on B = 0 of a constant radius B. Vector B in this case is parallel
to the normal vector at each point of the surface, i.e., B = Bmn and so is parallel
to d2S = nd?S too. The integral becomes:

11

11(05) = 92

1
2qQ 2 _
/Sn-ndS——ﬁZﬂ'B = -7

and the phase factor 7 is
e =e ™ =1

The geometric
phase shift
experienced by a
qubit in
adiabatically
rotating
magnetic field is
equal to half of
the solid angle
subtended by the
field trajectory
in the B space.
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and
e =€ =-1

For an arbitrary spinor | ¥) = a |1) + b ||} the final result of this excursion is
| \I/> _ ae—iETAt/h(_l) |T> + be_iElAt/h(—l) |l>

where At is the time it takes to rotate the field. The time integrals in the dynamic
phase part of the expression reduce to just exp (—iE7 | At/h), because B is constant
(though B rotates slowly). This corresponds to Larmor precession around each
direction of B the qubit goes through. Observe that the dynamic factor depends
on time it takes to complete the excursion. On the other hand the v factor depends
on the solid angle only. This is why it is called the geometric phase factor. It is
also called the Berry phase factor, or just the Berry phase for short.

But in this case it is clear that the geometric phase factor has no physical effect,
because it vanishes in all expressions such as p =| U)(¥ | or |(1, || ©)|%.

But consider an excursion in the B space around a surface that subtends a solid
angle 2 that is less than 2. In the physical and in the B space this means that
we rotate B conically rather than in a plane. This is shown in figure

Figure 4.8: An excursion in the B space that results in a smaller solid angle Q < 27.

In this case €7 = e /2 and e~ = *¥/2 no longer overlap and we get a
physically observable effect.

Suppose we start our excursion with a qubit in the |—) state
_ 1
V2

At the end of the excursion the qubit ends up in the state given by

| w(t=0) N+ 1)

inBAt/R,—i/2 Iy + o IHBAL/h i)2 |l>)

il
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What is going to be the effect of this change on the r vector that describes the
qubit? The z component of 7 is not going to change, because

r* =aa* —bb* =0

But both r* and r¥ acquire an additional rotation due to ~: A qubit rotated
by B(t) such
r* = ab* 4+ ba* that < 2w
_ 1 (ei(uBAt/FwQ/Q)ei(uBAt/FwQﬂ) i efi(uBAt/FLfQ/Z)efi(uBAt/hfﬂﬂ)) acquires an
angular lag of
_ 1 (ei(2uBAt/h73’2) + efi(2pBAt/h7Q)) behind the
2 accumulated
= cos(wpAt — Q) angle of the
Larmor
where wy, = 2uB/h is the Larmor frequency, and precesion.
rY i(ab® — ba*)

= —sin(wpAt — Q)

We find that the qubit has accumulated an angular lag of € in the real physical
space. The lag cancels itself away when 2 = 2.

4.10.4 Observing Berry phase experimentally

In the last 20 years or so, numerous papers have been published on the subject of
Berry phase. A search on the automated e-print archives retrieves some 340 papers
on Berry phase or on geometric phase. But very, very few of these are experimental
papers that focus specifically on the demonstration of Berry phase in quantum
systems.

Perhaps amongst the most elegant such demonstrations is the one by Richardson,
Kilvington, Green and Lamoreaux [48] that was published in Physical Review Let-
ters in 1988. Richardson and his colleagues from Institut Laue-Langevin in France
and from the Rutherford-Appleton Laboratory in the UK used ultracold neutrons
to demonstrate the Berry shift.

This method is very clean and the results obtained by the authors agree with
theoretical predictions exceptionally well. This is very important because there are
certain assumptions in the derivation of the Berry phase that may be questioned.
The first one is the very notion of an adiabatic evolution of a qubit. The concept
itself is not very clear and some authors proposed revisions. Alas, the surprising
effect of such revisions was that the Berry phase disappeared, so that the revisions
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themselves had to be revised in order to bring it back [41]. This development
points to the crucial importance of experiment in physics. However convincing and
mathematically elegant a derivation, there may be always something subtle in it
that’s missed or the underlying assumptions may not be correct. Experimental
verification of a prediction provides us with certainty as to the proposed effect.

The experiment carried out by Richardson, Kilvington, Green and Lamoraux
is additionally of great value and interest to us, because it demonstrates what is
involved in precise manipulation and control of quantum systems to the level that
would make quantum information processing feasible.

The ultracold neutrons used in the experiment are neutrons that have been slowed
down to less than 5m/s. The neutrons are stored in a vacuum chamber lined with
beryllium and beryllium oxide walls, since ultracold neutrons reflect from such walls
with negligible loss for all incident angles. Nevertheless surface contamination and
leaks in the valve that’s used to fill and empty the chamber reduce the lifetime of
neutrons dramatically, from nearly 10 minutes to only about 80 seconds. But 80
seconds is time a plenty in the quantum domain. We have seen in the quantronium
example that the quantum state there decayed within about a microsecond.

The neutrons are generated by irradiating a 25litre container filled with liquid
deuterium held at 25 K with fast neutrons emitted by a high-flux nuclear reactor.
This irradiation procedure results in generation of ultra cold and very cold neutrons,
which are then transported 10 m up through a nickel coated evacuated pipe. Nickel
coating for the pipes is chosen again to limit neutron loss. The neutrons lose some
of their energy in the process (to gravity) and are then pushed through a turbine
that further slows the very cold neutrons thus doubling the number of ultra cold
neutrons. At the output the utra cold neutron density is about 90/cm3.

The ultra cold neutrons are then passed through an 800 nm thick magnetically
saturated polarizing foil made of cobalt-nickel alloy. Afterwards they are trans-
ported towards their 5litre beryllium and beryllium oxide lined chamber along a
copper-nickel alloy coated silica guide and pushed into the chamber through holes
in the five-layer Mumetal magnetic shield. Mumetal is an 80% nickel-iron alloy that
is specially designed for magnetic shielding applications.

It takes about 10 seconds to fill the chamber to the density of 10 neutrons per cu-
bic centimeter, whereupon the neutron valve is closed. All neutrons in the chamber
are initially polarized in the z direction by a 5 milligauss magnetic field, B = Ble,.
They are allowed to thermalize for 2 seconds and are then subjected to a temporally
varying magnetic field for about 7.4 seconds, which is followed by another 2 seconds
wait.

The varying magnetic field applied during the middle 7.4 seconds period is given
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by
2wt 2wt
B = aBye, + (1 + €) By cos % + By sin %
where a, €, By and T are constants and T is the time for one rotation.
The field rotates in the e, x e, plane and has a non-vanishing x component that
lets the experimenters controll the solid angle Q. Additionally € is the ellipticity
parameter that allows for variation of B over the path. The solid angle Q that

corresponds to the trajectory is given by

a
Q=2rm (1 + m)
where the sign + depends on the sign of the magnetic moment and direction of the
rotation.

After the excursion the neutron valve is opened and the same foil that was used
to polarize them in the first place is now used to filter them on the way out, thus
performing the measurement. An adiabatic spin flipper is used to filter both |T)
and |]) states, which are then counted in a helium proportional counter neutron
detector for 10 seconds per state.

The magnetic field configuration used in the experiment is rotated by 90° com-
pared to our examples discussed in the previous section. But this is done for a
good purpose. Recall that what we normally measure is the z component of the
spin, what we called p° and p! in chapter Bl If we were to perform the rotation in
the e; x e, plane we would have to have a separate differently oriented device for
measuring spins in the z and y directions. Furthermore we would have problems
with preparation of the initial conditions too. As things are done in the experiment,
when the neutrons enter the chamber they are polarized in the z direction and af-
ter thermalization their p°(¢+ = 0) is 1 and their 7*(t = 0) = 1 too. They are then
rotated in the e, x e, plane and their final angle of rotation, 6, can be read from
P’ = (1 +77)/2 and p! = (1 — r*)/2, namely r*(t = T) = cos = p°(T) — p*(T),
as measured by the same polarizing foil when the neutrons are extracted from the
chamber.

The final angle of rotation contains the accumulated dynamic phase and the
geometric phase, i.e.,

0 =2u /OT B(t)dt — Q (4.56)

and 0, = —0;.
For a multiple number of revolutions of the field, N, both the dynamic and the
geometric phases accumulate so in this case we get 7 = N (2u fOT B(t)dt — Q)

Ezxtracting the
neutrons from
the chamber and
measuring them

Why is the
rotation done in
the e, X e,
plane
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The magnetic field was generated by running current through three sets of coils,
which were placed within the magnetic shield, but outside the vacuum chamber
containing the neutrons. The coils were perpendicular to each other with accuracy
of better than 2° and were calibrated to within 0.1% accuracy. An analog computer
was used to control the currents. In turn a timer and a zero-crossing switch were
used to control the computer, so that exactly one full rotation, or a multiple thereof,
could be generated.

In spite of all the precautions and the use of special materials there was a residual
magnetic field of about 10 pG and a non-vanishing gradient in the neutron chamber.
This residual field was strong enough to depolarise the neutrons for small values of
By. The presence of the residual field limited the duration of the rotation 7" and
set a lower limit to By.

Another problem was caused by an aluminum can in which the neutron chamber
was enclosed. Varying B too quickly would generate eddy currents in the can,
which would rapidly depolarize the neutrons too. So T' could not have been made
too short. The choice of T' ~ 7.4 s resulted from this restriction.

The measurements proceeded as follows. A given set of parameters N, a and e
would be fixed. For this set of parameters the spin-up and spin-down counts were
collected as a function of By. Each chamber fill and store cycle would yield a certain
number of counts. This was being repeated until between 60,000 and 70,000 counts
were collected for each (N, a, €, By) tuple.

The collected counts had to be weighed to correct for the fact that spin-up neu-
trons were counted first, and while they were being counted, the spin-down neutrons
were stored in the guide and reflected off the polarizer, thus suffering additional
depolarization. Other sources of depolarization had to be included in final data
analysis too. This is normally done by calibrating the system against known neu-
tron configurations obtained, e.g., by filling the chamber with polarized neutrons,
thermalizing them, doing nothing to them for 7.4s, then emptying the chamber
and counting the neutrons.

In the end, after many days of collecting and processing data® the experimenters
arrived at the numbers shown here in table LT0.4

The agreement between Berry’s predictions and observed values of the additional
angle due to the geometric phase shift is very good. Ellipticity of the orbit has no
effect as long as the solid angle in the B space remains unchanged. The Berry angle
is clearly accumulative — this can be seen by comparing data for various values of
N.

6What does this tell us about the feasibility of using quantum systems for computations?



The Unitary Formalism 179

calculated observed
a e | N /2w 0y, /2m Og/27
0.000 | 0.00 | 1 1.000 | 1.00 & 0.01 | 1.00 £ 0.02
0.000 | 0.25 | 1 1.000 | 1.00 & 0.03 | 0.99 + 0.05
0.000 | 0.62 | 1 1.000 | 1.01 +0.03 | 1.00 + 0.05
0.000 | 0.00 | 2 2.000 | 2.00 £0.03 | 1.97 +0.06
0.000 | 0.00 | 3 3.000 | 2.87+£0.15 | 2.894+0.15
0.268 | 0.00 | 1 1.259 | 1.28 +0.01 | 1.26 £+ 0.03
0.577 | 0.00 | 1 1.500 | 1.52+0.02 | 1.51 £0.03
0.577 | 0.00 | 2 3.000 | 3.00 £0.03 | 2.99 +0.05
1.000 | 0.00 | 1 1.707 | 1.68 +0.01 | 1.69 + 0.02
1.732 1 0.00 | 1 1.866 | 1.74+0.15 | 1.72+0.40
3.732 1 0.00 | 1 1.966 | 1.97 +0.01 | 1.98 + 0.02

Table 4.1: Results of the experiment. a defines the solid angle Q, € is the ellipticity,
N is the number of rotations, €2 is the theoretical value of the Berry angle, see
equation ([@56), which should be equal to the solid angle and to the solid angle
alone, €, is the measured value of the Berry angle obtained by counting spin-up
neutrons and {2y is the measured value of the Berry angle obtained by counting
spin-down neutrons. Observe increased depolarization for N = 3 and the lack of
effect for € # 0.

4.10.5 Berry phase gates

Berry phase has been proposed as an additional mechanism for processing quantum
information. The device discussed in the previous section constitutes an example of
a Berry phase gate. Jones, Vedral, Ekert and Castagnoli even demonstrated a con-
ditional Berry phase gate using nuclear magnetic resonance [33]. Yau, De Poortere
and Shayegan detected signs of Berry phase in oscillations of the resistance of
a mesoscopic gallium arsenide ring embedded in a magnetic field — although this
could have been demonstrated only after the measured spectra were compared with
simulation results [54]. This gives us hope that we may see a more direct evidence
for Berry phase in quantum electronic devices one day.

But this idea is not without its problems.

The first difficulty is that the Berry phase is always mixed with Larmor precession
in a way that Rabi oscillations aren’t. Recall that Rabi oscillations affect p°/p!,
whereas Larmor precession leaves p° and p' intact, unless the background field is
rotated by 90° as has been done in the Richardson’s experiment. This makes it
possible to design a computational system based on Rabi oscillations that utilizes
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p® and p! but ignores p? and p?. Indeed most quantum algorithms developed so
far and their experimental demonstrations do just this.

The second problem is lack of precision. It is very difficult to rotate the whole
external magnetic field system by precisely one revolution and under exactly the
solid angle that we need. The Richardson’s experiment is extraordinarily precise
for quantum mechanics, but even here we have seen as much as 23% errors for
some (N, a,e, By) tuples and for statistical ensembles of some 70,000 events per
tuple. Berry shift that is seen in the Yau’s gallium arsenide ring is so far out that
the experimenters could only claim qualitative agreement with Berry’s predictions.
The idea of actually moving qubits physically in 3-D space, rather than subjecting
them to a passive excursion as it has been done in the Richardson’s experiment is
probably completely unrealistic, since touching and pushing a qubit, by whatever
means, would most likely destroy its quantum state to begin with.

Then we have the problem of addressing individual qubits in a quantum register.
The register may be a molecule, or a collection of atoms trapped in an optical lattice
or something else. Rotating magnetic field around the register would perform the
operation on all its qubits, not just on a selected qubit. The usefulness of such
an operation is likely to be very limited. On the other hand the Rabi oscillations
mechanism lets us talk to individual qubits on private channels. If a register is a
specially constructed molecule, atoms in various locations within the molecule are
sensitive to different Rabi frequencies because of the so called chemical shifts. By
sending signals on these frequencies we can address individual qubits and not have
other qubits eavesdrop on the communication. Similarly, we can read individual
qubits by tuning the receivers to chemically shifted Rabi frequencies.

This last problem could be overcome in quantum electronic circuits if every qubit
could be equipped in its own local “magnetic field” circuitry, the way it has been
done, for example, in the quantronium.

Last but not least we have the issue of adiabatic transport. Berry phase equa-
tion does not work for non-adiabatic transport. If a qubit manipulation is too
fast we have to solve the Schrodinger equation exactly without making the adia-
batic assumption that an eigenvector remains an eigenvector throughout the whole
excursion. For a transport to be adiabatic it must be slow. But a slow qubit ma-
nipulation means a slow gate and inevitable high depolarization rate while the gate
is being traversed.

In summary, rather than thinking of Berry phase as a possible gate mechanism,
we may have to think about it as a yet another parasitic effect, alongside with
Larmor precesion, that has to be kept under control while quantum information is
being processed.
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5.1 Entangled states

Whereas a single, isolated qubit is mathematically equivalent to a classical magnetic
dipole—be it with some read-out and statistical complications—a system of two
qubits, a biqubit, is equivalent to two classical magnetic dipoles occasionally only.
At other times it displays a rather puzzling behaviour that had stirred a great deal
of theoretical and experimental investigations towards the end of the XXth century
and from which the ideas of quantum computing eventually arose.

But let us begin by considering two separate qubits first, i.e., qubits that are
equivalent to two classical magnetic dipoles.

Using the elementary laws of probability calculus, as we have discussed in section
[[3 page [37, we would describe the qubits in terms of a tensor product of their
fiducial vectors, i.e., we would say that the state of the system comprising qubits
A and B is

Py ®Pp

Measurements on this system would then be expressed by a tensor product of two
forms: the first one, w 4, describing a measurement on p 4 and the second one, wp,
describing a measurement on pg. And so, for example, the probability that qubit
A is in state |T) is

pO = <w(1J43pA>7
where w9 is a canonical form in the space of qubit A.

To remind you, “canonical” here means that it simply extracts the 0"
component of vector p,. See equations [2.15] on page [64] and 2.T6]l on page

The probability that qubit B is in state |—) is

p2 = <w2B’pB>v
and the probability that qubit A is in state |1) while qubit B is in state |—) — of
all other possible two-qubit combinations — is

0,2 0 2 0 2
PP = (wa,Pa)(wp Pp) = (W @wp, Py @ Pp)
The two-qubit energy form is somewhat more complicated, because energy is an
additive quantity, i.e., energy of a two-qubit system is a sum of energies of the two
qubits, as long as they don’t interact with each other.
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This can be captured in the following way. Recall that
(c'sj) =20, i,j=1uy,z2

therefore

1
(shp) = (s, 5
Consequently if n, and ng are the energy forms acting on the fiducial vector of
qubits A and B respectively, the energy form for a system of two separate non-

(61 + 7%y + 1Y%, +7%6,)) =1

interacting qubits is:

N4 @Sp+54@ng
What if the qubits do interact with each other? Then the energy form may have
an additional term that couples to both qubits simultaneously

Ny ®Sp+S4®Np+Nap

where 14 is a form of rank two, i.e., a form that acts on objects such as p4, @ pg.
When evaluating biqubit expressions, we must always remember that only forms
operating on qubit A can be applied to this qubit. Expressions such as

<77AapB>

make no sense, because form 1, does not operate in the space of states of qubit B.

We can switch between fiducial and quaternion formalisms by converting qubit
probability vectors p to the corresponding quaternions p, keeping at the same time
the tensor product symbol in place:

Py ®Pp — PAR PR

And then we can substitute Pauli matrices in place of quaternion units o, o, and
o, so that the tensor product of quaternions becomes the tensor product of Pauli
matrices.

We must not yield to the temptation of just multiplying p, by pp — regardless of
whether the sigmas are thought of as quaternions or Pauli matrices. The product in
waiting must wait and the two separate vector spaces are mapped on two separate
quaternion spaces and these in turn are mapped on two separate spaces of 2 x 2
complex matrices.

To emphasize this we're going to add subscripts A and B to the sigmas as well

Yy
Py — (1A+TzUxA+TAUyA+TZUzA)

N — N~

T Yy z
pp — (1p+rgo.p +rhoy, +750.5)
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Matrices o; 4 and o;g look the same as normal Pauli matrices o;, but operate in
different spaces. This must be emphasized ad nauseam.

Having unpacked the sigmas onto 2 x 2 matrices, we can go further and express
our qubit states in terms of Hilbert space vectors, | )4 and | ¥) 5 such that:

| ®)a @ a(®| = pu, and
| Wp@a(Y| = pg

This is going to work only when both constitutent states p,4 and pp are pure. For
such pure states we have

Pa®pp = (|P)a24(@)@(| V) p(V])
= (|2)a®|V)p)® (a(® | @5(¥ )

So we end up with tensor products of two Hilbert space vectors or forms representing
a biqubit system.

In summary, our chain of mappings from measurable probabilities for a system
of two qubits in pure states to highly abstract (though convenient) states in the
Hilbert space looks as follows:

PA®Pp — Pa@pp —|P)a®|V)p

Let

| ®)a = all)a+b[l)a, and
cls+d|l)s

<
o
I

where a, b, ¢ and d are four complex numbers such that aa*+bb* = 1 and cc*+dd* =
1. Then

| ®)a® | ¥)p = ac|Na® |T)p+ad|)a® |l)B
+be |1)a® s +bd [1)a® |l)B

Observe that normalization conditions imposed on the Hilbert space states of indi-
vidual qubits result in the following normalization condition of the biqubit state:

ac(ac)” + ad(ad)* + be(be)* + bd(bd)*
= aa*(cc” + dd") + bb*(ec™ + dd*)
=aa*+bb" =1
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In summary, we find that a biqubit state

aNa® e +BMa® ) +v[Da® [T +611)a® [l)s

such that

= ac
ad
be
= bd

o 2 X R

where aa* 4+ bb* = cc* + dd* = 1 represents two separate qubits.
Dividing the first equation by the second one and then the third equation by the
fourth one yields:

a/B=c/d=~/d

In turn, dividing the first equation by the third one and then the second equation
by the fourth one yields:

a/y=a/b=p/o
Both equations are in fact the same and equivalent to
ad —pPy=0
or
det(: ?):0 (5.1)

This is a simple criterion that we can use to check if a given pure (because here we're
within the unitary formalism) biqubit state can be separated into two independent
qubits at all. To be more precise this is a necessary though not sufficient condition.
But necessary is good enough if we want to prove that a given pure biqubit state
is not separable.

To see how this criterion works consider the following biqubit state:

1

V2

For this state @« = § = 0 but # = 1/v/2 = —v. The state is normalized because

B2 +~%=1but
a B\ _ _1

| U7 )an (IMa® [He—[1)a® [1)B) (5.2)
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So this is an example of a pure biqubit state that cannot be split into two separate
qubits.

Can such states exist? If so, what do they mean and what is their fiducial, i.e.,
observable representation?

In order to arrive at the fiducial representation of this biqubit state we’re going
to convert it to a density operator and then to a quaternion representation.

Pap = |V )ap®ap(¥™ |
— (a8 D= Da 1a)
= S((Ma@atthe (s © sl ~ (14 @ allh ® (s © 5(1)

—(Da@aliho(Nsesl)+(Ha®al) (s B<T|))

(a(Ml @B —alll ®5(11)

Sl

Invoking expressions we have arrived at in section 2] page [[14] we can convert
this readily to 2 x 2 matrices:

=305 9), (00, (50),e(00),
(00),e(0e), () e(e),)

Now we use equations .8 on page [[12] to express the matrices in terms of Pauli
matrices:

1/1 1
Pap = 5 5(1A+GzA)®§(1B—GzB)

- (UJL’A + Z'a'yA) ® (O'IB - io'yB)

(UwA - ia'yA) ® (UGJB + i"'yB)

N~ N —

+
N— N~ DN

1
(1A _o'zA) ® 5 (1B +UzB)>
which simplifies eventually to

PaB = (1A®]-B_01A®UIB_ayA®ayB_azA®azB)

>
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At this stage we can convert this to measurable probabilities by replacing Pauli
sigmas with Pauli varsigmas:

1
Pap = § (S14A®S1B—SeaA®Sup — Sy, ®Syp —S24 ®S25) (5.3)

And this is our matrix of measurable probabilities:

P00 p01 02 403 Pl pll pi—  pr@®
Pap = p;g pi p;z p;i = piT pl_l) 1 pi_; plf@

p p p p p p p p

P30 Pl p32 33 p®1  p®L  p®— pEe

It has 16 entries and it specifies the biqubit system entirely in terms of probabilities
of detecting qubit A’s “spin” against one “direction” and qubit B’s “spin” against
some other “direction” at the same time - with “directions” for both qubits being
te. (1, 1), ez (—) and e, (®). The measurements on each qubit are carried
out the same way as before, but this time it is not enough to measure each qubit
separately. To fully characterize the state, we need 16 probabilities of two specific
events happening simultaneously.

How simultaneous do they have to be? Simultaneous enough so that, say, qubit
B does not have a chance of interacting with the environment after qubit A has
been measured.

How to get the actual numbers, p¥/, from the varsigma expression? This is easier
than it may seem at first glance.

Recall that

P = (' @w . pap)
where w® are the canonical forms. The canonical forms are not dual to Pauli
vectors, but they are dual to canonical vectors e; and we know how to express
Pauli vectors in terms of canonical vectors, because equations 2.I1] on page
specify the procedure, namely:

S1 = ey+e +extes
Sz = €2

Sy = €3

Sz = €y—é€;

So the trick here is to replace the varsigmas in equation with canonical vectors,
and this will flush out the actual probabilities right away.
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Having made the corresponding substitutions we obtain

1
Pap = ( (eoa +e14+exs+e3s)®(eop+e1p+erptesp)

—€g24 ®eap —e3y Rezp

—(eoa —€14) @ (eop — 613))
The first term corresponds to a 4 X 4 matrix of ones:

(€oa + €14+ €24 +e34)®(eop+eip+erptesp)

111 1
111
111

111 1

The second and third terms correspond to matrices of zeros with 1 in the (2,2) and
(3,3) positions respectively:

0 0 0 O 00 0 O
0 0 0O 00 0 O
€24 0 €2p = 00 1 0 ) €34 ® €3p = 00 0 0
0 0 0 O 0 0 0 1

and the last term corresponds to a matrix that looks as follows:

(€04 —€14) ® (€0 — €1p)

=ea®ep—eaPep—egQepteg®erp

1 -1 0 0
| -1 1 00
o 0 0 00
0 0 00
Combining the matrices yields
11 11 0 0 0 O
1 111 1] (0000
Pap = {1111 00 10
11 11 0 0 0 O
0 0 0O 1 -1 0 0
{0000 [ -1 1 00
0 0 0O 0 0 0 0
0 0 01 0 0 01
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0 2 1 1 plt plt pl= pi®

1 20 1 1 ptt o ptb pl= pl®
o4l o) ptoptopm p®
1 1 1 0 p®T p®l p®~  p®®

Now we can finally get down to physics. And the physics that emerges from this

matrix is most peculiar. The first thing to notice is that
pTT :pll =p~ :p®® =0

If the biqubit is made of two neutrons and has been prepared in this special state,
the probability of finding the neutrons aligned, i.e., both in the |) state, or both
in the |]) state, or both in the |—) state or both in the | ®) state is... zero.
Regardless of how we orient the measuring apparatuses, the qubits (neutrons in this
case) always come out pointing in the opposite directions — even if the measuring
polarizers are far away from each other, but this only as long as the neutrons are
still described by (|T)a® |1)p— |1)a® |T)5) /v/2, which is not going to be forever,
because this peculiar biqubit state is going to depolarize faster even than single-
qubit polarized states.

The upper left corner of matrix p 45 is normalized. States [T)a® |T)p, |T)a® |l
¥, |[1)a® 1) B and ||)a® |]) 5 constitute the physical basis of the system and

pTT+pTl+plT+pii:1

The remaining entries in the matrix describe measurements against directions
that are perpendicular to each other, for example, if qubit A is measured against
e; and qubit B is measured against ey, then the probability associated with the
outcome is p—® = 1/4. This result is consistent with the assumption that both
qubits in this state must always be found pointing in the opposite directions. So,
for example, if qubit A is found pointing in the e, direction, which on the whole is
going to be 1/2 of all cases associated with this measurement, then qubit B should
point in the —e, direction, but when measured against the e, direction, half of all
qubits B will emerge pointing in the e, direction and the other half pointing in
the —e, direction. And so the probabilty of finding that qubit A points in the e,
direction and qubit B points in the e, direction is 1/2 x 1/2 =1/4.

There are three other similar states, whose probability matrix can be computed
the same way. They are

[#9ap = = (D48 s+ [1a® 1)) (5.4)
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1
Pap = (la®1lp+0,20 Q0,5+ 0y, Q0 —0.4R0.p)
pTT pTl pT—> pT® 0 2 1 1
v _ plT pll pl—> pl® _ 1 2 01 1
p®T p®l p®ﬂ p®® 1 1 1 2

This state describes a biqubit system of “total spin 1”7 but with a zero component
in the e, direction. When projected on either e, or e, both 1/2-spins of the biqubit
align and add up. But when projected on e, the spins counter-align, and so the
projection of the total spin on this direction is zero.

Recall that (|1)4® [1)p— |1)a® |1)5) /v/2 was characterized by 1/2-spins counter-J]
aligning in any direction — that state was therefore a “total spin 0” state.

The next state is:

1

| @7 )ap = 7 (INa® M= 1)a® [1)a) (5.5)
1
Pap = 7 (1a®1lp—0,0R0,5+0,,00,,+0.480.5)
pTT pTl pTH pT® 2.0 1 1
_ ptt pH pl= pl® _ 1 0 2 1 1
DPap —71 —l p— p—>® 1 1 0 1
p®T p®l p®—> p®® 1 1 1 2

This state is similar to (|T)A® |1)5+ |1)a® [1)8) /v/2, meaning that this is also a
“total spin 1”7 state, but this time it is the e, component of the spin that is missing.
When projected on this direction, both spins counter-align, but they align when
projected on e, or e,.

And finally we have

1
| ®F)ap = ﬁ(|T>A®|T>B+|l>A®|l>A) (5.6)
1
Pap = 1(1A®1B+0'x,4®UxB_UyA®UyB+UzA®UzB)

pTT pTl pT—> pT® 2 0 1 1

_ e ot opte | _1f 0 2 101

Pap = p=T pmb o pm p7® - 1 1 2 1

p®T p®l p®H p®® 1 1 1 0

which is like the other two states above, i.e., a “total spin 1”7 state, with the e,
component missing.
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Observe how adept the unitary formalism is at hiding the full physical
characterizations of these states. We have to go through a number of quite
complicated transformations to arrive at the probability matrices.

The density matrix (or quaternion) formalism is somewhat better. With
a little practice one can see the actual probability matrices hiding inside p 4 5.

The fiducial formalism gives us the probability matrices explicitly. Alas,
for three qubits p 4 g is going to be a cube, and a hypercube for four qubits
and at this stage the fiducial representation quickly becomes too complex.

States | ¥~ )ap (equation (52), | ¥T)ap (equation (54)), | @~ )ap (equation
(BH)) and | 1) 45 (equation (5.6])) are said to be entangled. The verb to entangle
means (1) to wrap or twist together — there is indeed a degree of togetherness
in these states that, as we shall see later, cannot be explained by naive classical
physics reasoning based on the concept of local realismil, and leads to amusing
paradoxes. It also means (2) to involve in a perplexing or troublesome situation —
and this meaning is right on the spot too. The paradoxes mentioned above have
been perplexing physics community ever since John Stewart Bell (1928-1990) came
up with their concise mathematical characterization in 19642 [3], [4]. To make
things worse they are not just theoretical paradoxes to be contemplated by arm-
chair philosophers. They have all been confirmed by elaborate experiments [I§],
and have become fundamental to quantum computing.

In memory of John Bell, states | ™ )ap, | Y )ap, | 2 )ap and | ®T)ap are
called Bell states.

How do Bell states differ from separable biqubit states? Well, we already know
that they can’t be separated from the unitary formalism, but how does this manifest
on the fiducial formalism level?

A biqubit state that is made of two separate qubits, each in its own well defined
state that may be a mixture, has the following fiducial representation:

Pap = DPa®Pp

1 ) )
1 S1a + Z r%Sia | ® | S1p + Z T3S B

1=x,Y,2 J=T,Y,2

1... but it can be explained by less naive classical physics reasoning that abandons the locality
assumption [4] [8] [14].

2The paradoxes themselves go further back to Einstein, Podolsky and Rosen, who discussed
one such paradox in their paper in 1935 [16]. But EPR, as the trio is affectionately called, did
not produce an experimentally verifiable formula that could be used to check which way the chips
fall.
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1 i i
= 4<§1A®§1B+ Z 7‘%§1A®§j3+ Z TASiA ®S1B

Jj=,y,2 1=1,Y,2

+ >N ri;r]éciA®ch>

1=T,Y,2 J=T,Y,2

where 74 < 1 and 7% < 1 too, and where the equality would hold for pure single
qubit constituents. Analogous expressions can be constructed for the quaternion
and density matrix formalisms by merely replacing varsigmas with sigmas.

We are going to call such state a simple separable state. Its individual constituents
may not be pure and the resulting biqubit may not be pure either, but it is made
of just one pair of well defined separate qubits, pure or not.

Comparing the above expression with Bell states and remembering that varsigmas
constitute bases in the fiducial spaces of both qubits, we find the first important
difference: all Bell states are of the form

1

Z(§1A®C1Bigm®<m3i<“®cy3icm®cz5)

There are no 614 ® 65 and no ¢; 4 ® 615 terms here. This immediately suggests
that r4 = rp = 0. And yet ryrl; = £1. How can this be?
Consider a mizture of two simple separable biqubit states:

PaPao @ Ppa + PpPas @ Ppp

where P, 4+ P3 =1 and they’re both positive.
The fiducial representation of the mixture is:

1
4<§1A ®<S1p

+ Z (PaTiAa + PﬁTfm) Sia®6ip

i=ay,z

+ Z (ParBa + Parig) 14 ©Sip

1=x,Y,%

+ Z (ParZaera + PBTZBTJBB) SiA ® g.7B>

L,)=T,Y,2

Observe that in general

Parzaﬂga + Pﬁrgﬁr%ﬁ * (Pari‘a + Pgri‘ﬁ) . (Pa’era + Pg?‘?gﬁ)
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Therefore if we want to admit a description of mixtures of simple separable biqubit
states, each of which may be made of two qubits in some mixed states too, and
such a finite mixture is called a separable state, we must allow the following, more
general fiducial representation:

1 ) .
Pap = 4<QC1A®C1B+ Z T%§1A®<j3+ Z r%4Sia ®S1p

J=x,y,2 1=x,Y,2
y
+ zXBciA@@ch) (5.7)
ij=1,y,%

where a may not necessarily be 1 and zi{B may be independent of r?, and rfg.
There would be nine such xfﬁB coefficients, plus three 1% coefficients and three
7"% coefficients, plus the a — altogether sixteen real numbers are therefore needed
to fully characterize a biqubit state. This number may be reduced to fifteen by
imposing a normalization condition such as

pTT +pTl +plT +pll -1

which implies that o = 1.

It is possible to construct complicated biqubit mixtures made of many compo-
nents, more than just two, that can get pretty close to an entangled state such as
the Bell state | ¥~)4p. This is why it may be sometimes difficult to distinguish
between entangled and mixed states experimentally, especially if neither is pure.

Consider, for example, a 50/50 mixture of two simple separable biqubit states
described by the following two pairs of vectors:

(raa:TBa) and (rag,Tpp)

such that
TAa = —TAB and TBa = —TBg

For this mixture we’ll get that
Parfm + Pgrfw =0
Porlge + Parlgg =0
but

wfiB = Panc\aera + PBTQBT;BB
= 05 (TZQT.JB(X + (_Tjﬁka)(_{r%a))

i
= TAa"Ba
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So here we end up with a state that looks somewhat similar to | ¥~ )4p. It’s 74
and rp vanish, but its 45 does not. At the same time though, its 45 is not the
same as the one we got for | ¥~) 45. We cannot make a diagonal matrix with none
of the diagonal elements vanishing out of r%ar%a.

It turns out that p,p of an entangled state cannot be reproduced by any fi-
nite mixture of simple separable biqubit states [30]. But this is not a criterion
that is easy to use, especially when we deal with experimental data that is always
contaminated with some error.

For a sunple separable biqubit state the followmg trivial observations hold.

If 7% and r7 do not vanish and '] 5 = riyr) B then the biqubit is clearly separable
into two individual qubits. If one or both r’y and r7 B vanish, then one or both
constituent qubits are fully depolarized. In this case z'{z must vanish too, if the
biqubit is to be separated into two 1nd1v1dua1 qubits.

The separability of z'{ 5 into r’y and 7% can be tested easily. The following must
hold:

TA - TAB = r%’rB, and
2
TAB TR = ’I’ATB

Another obvious feature of a separable x4 in this context is that

detzap = Z eijpria¥d ™ = Z €TSS TR = 0
i,5,k€{z,y,2} i,5,k€{z,y,2}
because €;;1 is fully anti-symmetric whereas rgr{;rg is fully symmetric. The van-
ishing of det x op is a necessary condition, but not a sufficient one. Still, it is good
enough if we just want to check if a given state can at all be separated into two
individual qubits.
The above considerations are presented in terms of varsigma coefficients.
But when the actual measurements are made, the probabilities that are as-
sembled into a matrix p*’ are not varsigma coefficients. They are canonical

coefficients instead. How are we to find 7%, 7%, and zJ,? This can be done
easily by contracting p with appropriate combinations of Pauli forms, namely:

rh = <€f4 ®§115’7PAB>
1 = (h®ch.pap)
g = (S4®¢h,Pag)

where ¢ and j run through z, y and z.
Another way is to replace the canonical vectors in p,p = >, pip€ia ®
e; 5 with Pauli vectors using equations (2.I2)) on page [63] since Pauli vectors

are duals of Pauli forms.



194 Chapter 5

5.2 Pauli exclusion principle

But how do we know entangled states exist at all? They can’t be made by merely
placing two qubits next to each other. This only yields a non-entangled biqubit,
i.e., two separate qubits.

The idea that pairs of elementary particles can be entangled goes all the way
back to Wolfgang Pauli (1900-1958). Today we know that we can even entangle
macroscopic objects, sic!, but back then in 1925 quantum mechanics was strictly a
science of atoms and elementary particles. After Niels Bohr (1885-1962) presented
his model of the hydrogen atom in 1913 that predicted correctly hydrogen’s energy
levels, well, at least until physicists had a closer look and found that there was
more to it, people turned to other atoms trying to understand their structure. It
soon became apparent that even as simple an atom as helium was immensely more
complicated than hydrogen. For starters, helium had two separate families of energy
levels with seldom observed transitions between one and the other. For a while
people even thought that there were two different types of helium configurations.
Other atoms’ spectra were even more complex.

Eventually Pauli figured out that he could account for some features of alca-
line atoms spectra if he (1) postulated that electrons had an additional as yet
unrecognized degree of freedom (later called spin) and (2) that

“there can never be two or more equivalent electrons in an atom for
which ... the values of all quantum numbers ... are the same. If an
electron is present in the atom for which these quantum numbers ...
have definite values, this state is occupied [42].”

At the time quantum mechanics did not exist in the form we know it today.
Werner Karl Heisenberg (1901-1976) was yet to publish his 1925 paper on the
“matrix mechanics” and Erwin Schrodinger was yet to publish his 1926 paper on
the “wave mechanics”. When Paul Dirac (1902-1984) finally merged the matrix and
the wave mechanics into quantum mechanics in 1926 and Kronig, Uhlenbeck and
Goudsmit identified Pauli’s additional degree of freedom as spin it became clear
that the way to express Pauli’s principle was to antisymmetrize the multielectron
wave function. For example, for two electrons A and B whose individual wave
functions may be | ¥) 4 and | ®) g their combined wave function in an atom would
have to be

= (194 | )5~ | #)40 | ¥)5)
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This way if both functions are identical, i.e., the quantum numbers inside | ¥) and
| ) are all the same, so that | ¥) =| ®), the combined wave function is zero. This
trick captures the Pauli principle automatically.

In summary, it is the spectra of multielectron atoms that tell us that entangled
states such as (|1)a® [1)p— |[1)a® 1)) /V/2 exist.

The Pauli exclusion principle applies to identical particles only, i.e., they must be
both of the same type, e.g., two electrons, two neutrons or two protons. They must
be fermions too, i.e., their spin must be an odd multiple of h/2. If the particles
are bosons, which means that their spin is an even multiple of //2, examples of
such particles are photons and alpha particles, then their wave functions must be
symmetric. This has important macroscopic consequences in terms of statistics and
phenomena such as superconductivity and superfluidity.

In layman terms fermions hate being like the other guys. They’re indi-
vidualistic. If there is a fermion nearby that does something and you’re a
fermion too, you’ll do your best to dress differently, drive a different car, look
the other way, and preferably get out of the neighbourhood as soon as an
opportunity arises. On the other hand bosons love to be together and to
be alike. “I’'m having what she’s having”. If there is a boson driving on a
freeway, soon there’ll be the whole pack of them driving in the same direction
right next to each other — this is how superfluidity works.

Cats are fermions. Dogs are bosons.

Identical particles as such are not very useful for computing. The reason for this is
that they cannot be addressed individually. In quantum computing the best results
are obtained if qubits are associated with different quantum objects, for example
with different nuclei in a molecule. But identical particles can be combined into
collective states. Here a quantum state of interest may be associated not with an
individual electron, but with a large number of electrons all forced into a single
quantum configuration.

But how can electrons be forced into a collective if they are fermions? This
can happen only if there is an intermediary agent present. The agent acts like a
glue. Electrons in a crystal lattice of niobium, for example, are held together by
phonons. Pairs of such phonon-glued electrons, called Cooper pairs, behave like
bosons, because their combined spin is an even multiple of //2. Since Cooper pairs
are bosons, large collective states are possible. These states are responsible for
superconductivity.

Because all elementary particles can be classified either as fermions or as bosons
and these can only exist in entangled states, an obvious question is how come we
don’t normally see entanglement in the macroscopic world around us — apart from
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the rather special phenomena of superfluidity and superconductivity, both of which
require extremely low temperatures?

The answer to this is that entanglement is technically a superposition. It is a
superposition in the biqubit Hilbert space. The biqubit superpositions depolarize
just as quickly, if not more so, as single qubit superpositions. The more a biqubit
interacts with the environment the faster it depolarizes. And so after a short while
the entangled state turns into a mixture of separable biqubit basis states, similarly
to what we have seen for a single qubit in the quantronium example.

5.3 A superconducting biqubit

The two quantum electronic devices that are discussed in this section were con-
structed to demonstrate the entanglement of two qubits.

The first one was made by a group of scientists from the University of Maryland
in 2003 [5] and the second one three years later by a group from the University of
California, Santa Barbara [50].

A Josephson junction, which is constructed by inserting a very thin insulator
between two superconductors, is characterized by the so called critical current. The
junction is biased by pushing current through it. Up to the critical current, pairs of
electrons, the Cooper pairs, flow through the junction unimpeded and without any
voltage drop across the junction. This is called the DC Josephson junction regime.
But when the current exceeds the critical current, then the voltage drop across the
junction suddenly appears and the current begins to oscillate rapidly. This is called
the AC Josephson junction regime.

When the junction is biased somewhat below the critical current, i.e., still in the
DC Josephson regime, the junction’s inductance and capacitance form an anhar-
monic LC resonator with an anharmonic potential U that can be approximated by
a cubic function of position within the junction, as shown in figure 5] (A). This is
sometimes called a “tilted washboard potential”. Strictly speaking U is a function
of the phase v of the Cooper pairs wave function within the circuit (they all have
the same wave function), but within the junction the phase changes approximately
linearly with position and outside of the junction the phase is approximately con-
stant. The left bend of the washboard curve forms a natural potential well, within
which discrete energy levels form, and the right bend a natural potential barrier,
through which Cooper pairs trapped in the well may tunnel. The height AU(I) of
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the potential barrier is a function of the junction bias current and is given by

3/2
AU() = 221, ®g (1 1) 7

3T _IT)

where I is the critical current and ®; = h/2e, where h is the Planck constant.
The potential barrier vanishes when I — Iy. The energy at the bottom of the well
corresponds to the classical plasma oscillation frequency w,(I) given by

1/4
apth) =y 22 (1 LY
P ®,C Iy

where C' is the junction capacitance. The wy(I) also vanishes when I — Iy, but
more slowly than AU(Z).

The discrete energy levels within the well can be observed by adding small mi-
crowave pulses to the bias DC current. If the frequency of the pulse matches the
transition frequency between the two levels drawn in the diagram, Cooper pairs
trapped within the lower level absorb the energy and jump to the upper level,
which is characterized by a large tunneling rate. And so they then tunnel through
the barrier. This is illustrated by the right-pointing arrow in figure i1 (A). Af-
ter the tunneling event the junction becomes momentarily depleted of carriers and
behaves like an open switch across which a macroscopically measurable voltage
develops.

Such qubits, which are made of collective excitations of up to 10° paired electrons,
depending on the size of the junction, are called phase qubits. Recent advances in
the phase qubit technology made it possible to carry out their full characterization.
The group from Santa Barbara was able to view the full traversal of the qubit,
across the Bloch ball during a Ramsey measurement [51]. Like the quantronium
circuit, phase qubits are macroscopic devices that behave quantum-mechanically.
Also, like the quantronium circuit, they have to be immersed in a cryo-bath, close
to the absolute zero, to work.

But let us return to the Maryland group biqubit shown in Figure B11 (B). Here
we have two phase qubits characterized by their critical currents I.; and I.o of
14.779 pA and 15.421 pA respectively, both shunted by capacitors C; of 4.8 pF each,
which help stabilize the qubits, and coupled through the capacitor C. of 0.7 pF.
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qubit #1 qubit #2

Coupling capacitors

Figure 5.1: A Josephson junction biqubit. Figure (A) illustrates how a two-level
quantum system, i.e., a qubit, forms within the junction when it is biased in a
special way. Figure (B) shows the schematic diagram of the device. Figures (C)
and (D) show the photographs of the device.

Qubit #1, i.e., the one on the left, is DC biased and the bias current that flows
through it, Ij1, is 14.630 pA. Qubit #2, the one on the right, is biased with a linear
ramp that in effect allows for repetitive scanning of the biqubit parameters.

Figure 5] (C) shows the photograph of the actual device. There are two coupling
capacitors in the device visible in the centre of the photograph. The role of the
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lower capacitor is to short out parasitic inductance in the ground line. It forms
the effective C. together with the upper capacitor. The Josephson junctions are
inside the two narrow horizontal features on both sides of the photograph, one of
which is shown in magnification in figure 5] (D). Here we can see two strips made
of niobium that overlap in a square box a little to the left of the center of figure D.
This is the junction itself. The two overlapping niobium strips are separated by
a thin layer of aluminum oxide. Each Josephson junction is quite large, the side
of the box being 10 ym long. The distance between the two junctions is 0.7 mm -
which is huge by quantum mechanics standards. It is a macroscopic distance.

The biqubit is observed in a way that is very similar to a single phase qubit
observation technique. It has a certain characteristic and discrete energy spectrum.
A microwave signal I,,, (see figure 5] (B)) is applied through the bias lines to the
right qubit directly, but through the coupling capacitor to the left qubit too—so
in effect it is the whole biqubit that is irradiated. This induces transitions from
the ground state of the biqubit to its higher energy states, but only if the applied
microwave signal has its frequency matching the energy gap. Higher energy states
are closer to the knees of the washboard potentials for both qubits, and so they
have a higher probability of escaping from the potential wells of both junctions.
This creates an open circuit condition, because the junctions run out of carriers
and this, in turn, manifests as surges of DC voltage V' in the right hand side of the
circuit and can be detected easily.

Ramping I;o for a microwave signal of fixed frequency has the effect of changing
the parameters of the biqubit so that eventually we come across the ones for which
the energy absorption takes place.

This is illustrated in figure (A). Here the microwave frequency f is set to
4.7 GHz. A is the observed escape rate normalized against the escape rate measured
in the absence of the microwave agitation, i.e., A = (I';, = T') /T, where I';,, is the
microwave induced escape rate and I' is the escape rate in the absence of the
microwave signal. The normalized escape rate is plotted against the bias current
Ibg.

Let us call the lower energy state | 0);,2 and the higher energy state | 1); 5 for
qubits #1 and #2 respectively.

There is a well defined Lorentzian absorption peak in Figure (A) that corre-
sponds to a transition

S

|0)1®@ | 0)2 — 7

([0)1® | o= | 1)1® | 0)2) .
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4.5
15.2 15,24 A 15.28 15,32

Figure 5.2: Figure (A) — absorption spectrum of the biqubit for a fixed microwave
frequency f = 4.7 GHz in function of the Josephson junction bias current Ips. Fig-
ure (B) — a two-dimensional map obtained by varying both the microwave frequency
f and the Josephson junction bias current Ips.

By varying both f and Iy and repeating the measurement for each point in the
(f, In2) plane up to 100,000 times, sic!, the researchers arrived at the histogram map
shown in figure [5.2] (B). The colour in the histogram corresponds to the normalized
escape rate: red means high, blue means low. For a given value of I there are two
absorption peaks that correspond to transitions:

|0)1® | 0)2 — (10)1® [ 1)oE [ 1)1®]0)2).

1
V2
The tiny white circles mark the exact measured locations of the absorption peaks.
Solid white lines mark theoretically predicted® locations of the absorption peaks for

3The theoretical analysis of the biqubit and the resulting computations are quite non-trivial
and beyond the scope of this text. Interested reader will find more details in [5].
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the transitions to the entangled states investigated here. The black dashed lines
correspond to transitions between the ground state | 0);® | 0)2 and the two un-
entangled states | 0)1® | 1)3 and | 1)1 ® | 0)s.

The agreement between the measured data and the theoretical predictions based
on the assumption that the transitions are from the ground state to one of the two
entangled states is quite exceptional.

The measured dependency of the transition rate on the bias current > can be
Fourier transformed into the frequency space. The width of the absorption peak in
this space yields the lifetime of the entangled state, which turns out to be about
2ns. After this time, the state decays into a mixture of separable states.

What is so remarkable about this beautiful experiment (and device) is that not
only does it demonstrate the existence of entangled states, but it entangles two
heavy macroscopic objects separated by a large macroscopic distance of 0.7 mm.
It is the cooling to the near absolute zero that makes it possible for the entangled
state of the two phase qubits to stretch this far. Cooling freezes off interactions
with the environment that would otherwise destroy both the entanglement and the
qubits themselves.

We see here again that entangled states and quantum behavior are not restricted
to very small objects such as elementary particles and to very small distances such
as encountered in the interiors of alcaline atoms.

On the other hand, if the only evidence in favour of the existence of entangled
states were atomic or electronic device spectra we might be justified in holding
back our enthusiasm. After all, one could perhaps come up with another theory that
would reproduce the observed spectra in some other way. To be truly convinced that
entanglement is not just an artifact of quantum calculus but a physical phenomenon
we need more evidence. We need to construct an entangled state and then perform
a full set of measurements on it so as to reproduce probability matrices such as the
ones derived for the Bell states in section 5.1

This has been done for pairs of protons and pairs of photons, the latter separated
by a distance as large as 600m [2]. It has been done even for two macroscopic
samples of caesium gas each comprising 10'2? atoms [34]. And the Santa Barbara
group did this for a phase biqubit, but it took full three years of technology and
methodology improvements after the Maryland biqubit demonstration.

A full set of quantum state measurements that reproduces its whole probability or
density matrix is called quantum state tomography. It is a difficult measurement.
Recall that in our quantronium example we only saw the r* component of the
polarization vector r. But here we need to measure r*, r¥ and r? for both qubits
as well as correlation coefficients % .



202 Chapter 5

The Santa Barbara researchers demonstrated full quantum state tomography for
a single qubit first, and for a biqubit. The devices they used in their experiments
are shown in Figure

Operation

‘EJ_,a/C,, ,o,JfL
K ><T

Figure 5.3: A schematic diagram of the Santa Barbara biqubit. (A) a single qubit
diagram that shows qubit manipulation and measurement circuitry, (B) and (C)
the LC resonator potential during qubit manipulation and measurement, (D) a
simplified biqubit diagram that shows the coupling capacitor C,.

A distinguishing feature of this device is qubit isolation. We no longer apply the
bias, the measuring pulse, and the microwave signal directly to the qubit’s circuit.
Instead, each qubit is manipulated and measured through the loop inductance
of L = 850pH. The shunting capacitors that stabilize the qubits both have the
capacitance C' = 1.3 pF and the coupling capacitor is C;, = 3fF. Amorphous silicon
nitride is used as a dielectric in the shunting capacitors, because its loss tangent is
very small, of the order of 104, which yields a fairly long energy relaxation time
of about 170 ns.
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When operating normaly both qubits are biased as shown in Figure (B), but
they are conditioned so that only the two bottom energy levels, | 0) and | 1) are
filled. When the qubits are measured, a strong current pulse I, is applied that
changes the junction bias as shown in Figure 53] (C). The | 1) state is then flushed
out of the cubic well and this event is picked up by the on-chip SQUID amplifier.

A SQUID, the acronym stands for Superconducting Quantum Interference
Device, is another extremely sensitive Josephson junction device that is used

to measure changes in the magnetic field flux.

Both qubits are biased so that the transition between each qubit’s | 0) and
| 1) states occurs at wig = 27 X 5.1 GHz. An experiment begins by freezing and
waiting—both qubits drop naturally to | 0). Section EIT4], page 260, will explain
in more detail how this happens, but the intuitive understanding that when things
are left on their own in a cool place they calm down, is just fine at this stage. Now
we flip qubit #2 by sending it an appropriate Rabi pulse of 10 ns duration and the
biqubit ends up in the | 0)® | 1) state. Because this state is not an eigenstate of
the biqubit Hamiltonian, the biqubit evolves as follows

) = cos (5¢) 100 | 1) isin (51 ) | D )

where S/h = 10 MHz. So we don’t have to do anything to rotate the biqubit at this
stage other than wait a certain t. Having waited a given ¢ we can measure the qubit
and by repeating the experiment 1,000 times we can arrive at the probabilities Py,
Py1, Pio and P;;. The observed probabilities are consistent with the idea that the
biqubit becomes entangled after about 16 ns forming a state
1

V2
Waiting while a qubit, or a biqubit performs a natural (e.g., Larmor) rotation is an
often deployed trick in quantum computing and as such constitutes a gate.

In order to fully diagnose the state and make sure that the qubit is indeed en-
tangled we have to measure probabilities of finding the qubits in states such as
|—) and | ®) as well. In other words, we must perform the full tomography of the
biqubit state.

We do this by subjecting the biqubit to a yet another Rabi pulse that rotates its
individual qubits by 90° about the e, or e, directions prior to the measurement.

Repeating biqubit preparation and measurement procedures 20,000 times for each

(10)® 1) —i| H® [0)).

combination of directions we obtain probabilities Pyy, P;—., and similar and then
assemble them into a density matrix shown in Figure 541
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B uncorrected
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C corrected
Re{Pexp.u}

Figure 5.4: State tomography of the Santa Barbara biqubit.

The upper pannel of Figure 5.4] shows the results obtained from the raw proba-
bility data, and the lower pannel shows the density matrix “corrected” for known
inefficiencies of single qubit measurements.

The expression
F=Tr\/o!/2p, ol/?

where o is the theoretically expected density matrix and p,,,, is the experimentally
measured one provides us with a convenient estimate of the combined accuracy of
the state preparation and its tomography in the form of a single number. This
number is called fidelity of the reconstructed (from the measurements) quantum
state. If p,,,, = o the fidelity is 100%.

The fidelity of the state reconstructed in Figure [5.4] (B), i.e., in the upper pan-
nel, is 75% and the fidelity of the state corrected for the known measurement
inefficiencies of single qubits, shown in the lower pannel, is 87%.

An in-depth theoretical analysis of the device that takes various environmental
effects and known characteristics of the device into account shows that the fidelity
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should be 89%. This leaves only 3% of the infidelity unaccounted for, which is a
very impressive quantum device modeling result.

Is the observed state indeed entangled? An inspection of the density matrix
suggests so. The imaginary components | 01)(10 | and | 10){01 | have almost the
same value as real components | 01)(01 | and | 10){10 |, which is what we would
expect for the state (| 0)® | 1) —i | 1)® | 0)) /v/2.

But isn’t it possible that a mixture could be constructed that would get pretty
close to the observed density matrix? Is there a way to demonstrate unequivocally
that the observed state is indeed entangled by some well posed criterion other than
just looking at and comparing the bars on the graph? This, as it turns out, is a
non-trivial question, the answer to which was found only in 1996. We are going to
discuss the solution to this problem in Section B.10, page 2341

5.4 An atom and a photon

Demonstrating entanglement with elaborate quantum electronic circuits even thoughj
of obvious practical interest may leave one pondering if a shortcircuit or some spe-
cific circuit design feature is not responsible for the observed correlations rather
than fundamental physics. After all, these are complicated devices. Their fab-
rication is difficult and their operation complex. This is, of course, a sentiment,
because a great deal of tests, checks and theoretical analysis goes into the design
of the device and the experiment. Nevertheless, yielding to this sentiment we may
ask if entanglement can be demonstrated using just two atoms or just two elemen-
tary particles? Such a demonstration would, at least in principle, prove that the
observed behaviour reflects the law of nature and is not an electronic artifact.

Numerous experiments of this type have been performed and are still being per-
formed today. Photons are especially suitable, because they are relatively immune
to environmental decoherence—a photon may travel almost undisturbed across the
whole observable universe, to be registered by an astronomer’s telescope, still with
sufficient information content to let us make inferences about its source.

The experiment discussed in this section was carried out by Blinov, Moehring,
Duan and Monroe from the University of Michigan in 2004 [7]. It is perhaps one of
the cleanest and most elegant demonstrations of entanglement. In this experiment
it is a single atom and a single photon emitted by the atom that are entangled and
measured.
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Figure 5.5: A schematic diagram of an apparatus used in the atom-photon entan-
glement experiment.

Figure B.5l shows a schematic diagram of an apparatus used in the measurement.
A single positively charged ion of cadmium, 'Cd*, is held in an asymmetric-
quadrupole radio frequency trap about 0.7 mm across, to which a magnetic field of
approximately 0.7 Gauss is applied in order to provide the e, direction. The ion is
manipulated by a combination of optical and microwave pulses. In response to these
manipulations the ion emits a single photon, which is collected by the f/2.1 imaging
lens and directed towards the A/2 waveplate. The waveplate is used to rotate the
photon polarization, which in this setting is like switching from platemTenoton to,
say, platem—photon . The photon is then directed towards a polarizing beamsplitter,
marked as “PBS” in the diagram, and then sent towards one of the two photon-
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counting photomultiplier tubes (PMTs) that can detect a single photon with about
20% efficiency. The PMT detector D1 is set up to detect photons polarized in the
plane of the figure, these are called | V')-photons, and the other detector, D2, is
set up to detect photons polarized in the plane perpendicular to the plane of the
figure, these are called | H)-photons. The | V) and | H) states of the photon are
like qubit states | 0) and | 1).

The purpose of the experiment is to demonstrate the quantum entanglement
between the ion and the photon emitted by it. Whereas the state of the photon is
measured by the PMT detectors shown on top of the diagram, reading the state of
the ion is performed with a specially polarized 200 us optical detection pulse beamed
at the ion. The ion responds to the pulse by fluorescing differently depending on
its state. Here the ion qubit read-out efficiency is greater than 95%.

Prior to the read-out the ion’s quantum state can be subjected to a Rabi rota-
tion by irradiating it with a microwave pulse. So this way we can measure, say,
pTatomTphoton and p*’atomTphoton as well.

The sequence of operations the ion is subjected to is roughly as follows.

First the ion is initialized in the |T) state by a combination of a 30 us polarized
optical pulse and a 15 pus microwave rotation.

It is then excited to a short lived higher energy state called *Pg/o | 2,1) by a
50ns polarized optical pulse. The 2Py /2 | 2,1) state decays after about 3ns either
back to |T) or to a state with a somewhat higher energy here called |]). The decay
of 2P3/2 | 2,1) to |1) is accompanied by emission of an | H) photon and the decay
of 2P3/5 | 2,1) to ||) is accompanied by emission of a | V) photon:

*P3jp]2,1) — N+ | H)
2P3/2 12,1) — [H)+]|V)

The energy gap that separates |1) and ||) is about 1 MHz.

After the initial preparation procedure the ion is allowed to rest for about 1 us
and then it is irradiated again with another 15 us microwave rotation pulse. Finally
the ion is irradiated with a 200 us polarized optical detection pulse that lets us read
the ion resident qubit.

Theoretical analysis of this process reveals that the ion and the emitted photon
must be entangled and the resulting state is

(H)e M+2|V)ell)/v3

Because the photon detector is markedly less efficient than the ion qubit detector
the experimenters measure probabilities of detecting an atomic qubit state |T) or
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|l) conditioned upon detecting an emitted photon either in the | H) or in the | V)
states, given 1,000 successful trials.

Conditional probability P(SIIT)
o o o o =
o ~ )] fo ] o

o
o

T

IH) I

S )

Figure 5.6: Measured conditional probabilities in the original basis — no atomic or
photonic qubit rotation before the measurement.

The results for the original basis, i.e., no atomic or photonic rotation before the
measurement, are shown in figure Here we find that

< phH - phV ) _ ( p!T plt ) B ( 0.97 £0.01 0.06 4 0.01 )
pbH bV )= pit plb )T L 0.034£0.01 0.94+0.01

Now the experimenters rotate the \/2 waveplate and the atomic qubit (by apply-
ing a microwave pulse after the emission) so as to rotate both through a Bloch angle
of 90° eventually. The rotation of the atom-resident qubit is not clean though. It
is loaded with an additional phase factor due to the phase of the microwave signal
— this is really the angle that the atomic qubit subtends with the photonic qubit in
the e, x e, plane. This angle can be adjusted and varying it results in the correla-
tion fringes shown in figure 57 (a). The fringes correspond to p~— and p~ . By

locking ourselves on the point of highest correlation in figure 57 (a) we can finally
arrive at the results shown in figure 5.7 (b).
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Conditional probabilities

Conditional probability P(SIIT)
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Figure 5.7: Measured conditional probabilities after a Bloch rotation of both qubits

by 90°.

The actual probabilities are

p
p

(

——

p
p

——

e

0.89+0.01 0.06 £0.01
0.11+0.01 0.94+0.01

——

)= )

This is not full tomography as we have seen done for the Santa Barbara qubit,
but we can clearly observe correlations. Both qubits appear aligned for both mea-
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surement angles, whereas the probability of finding the qubits counter-aligned is
very low in both cases.

5.5 A biqubit in a rotated frame

Consider the Bell state | ) 4p for which

1
Pap = 1 (€1A®§1B —SzA®Szp — Sy DSyp *§ZA®§ZB)

We saw in section B0l page 30 that Pauli vectors ¢; transform like normal 3D
vectors under rotations. So if we were to rotate the polarization filter of qubit A in
the e, x e, plane by angle #4 we’d find that

Sza = 080464 —sin046, 4

Sza = sinOaGy 4+ cos04G 4

and similarly if we were to rotate the polarization filter of qubit B in the same
plane by angle 6 we’d find that

Sep = coslpGp—sinfps,/p

S:p = sinfpsyp+coslps.p

What are going to be the probability readings for the biqubit now? We can find
P4 by rotating its component varsigmas and remembering that:

Si1A = S1'A
Sya = Syva
SiB = SI'B
Sy = Sv'B
This yields
, 1
Pap = 1<§1’A®<1/B_<y/A®<y’B

— (co8 046 4 —SiNO4G, 4) ® (cosOpS, g — Sinbps, )

—(8inBAG 4 + 08046, 4) ® (sinfps, g + cos QBcz/B))
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Let us gather terms that multiply ¢/ 4 ® 62/ B, 274 RSB, S22 4 QS g and S, 4 ®

Sz B:
, 1
Pap = 1(§1’A @SB =Sy, ®Sy' p
—(cos@acosOp +sinfsinfp) S, 4 RS p
—(—cosfasinfp +sinfcos0p)s 4 S p
—(—sinf4 cosfp + cosO,sinfp) 6, 4 @S p
— (sinf4sinfp + cosf4 cosbp) . 4 ® Cz/B)
Recal that
sin(0a —0p) = sinfacosfp —cosfysinbp
cos(0a —0p) = cosfacoslp+sinfysinbp
consequently
Pap = i(leA XS =Sy 4 @Sy g

—co8(04 —0B)Ss A @SB

)

—sin (04 —0B)Swa ®SB

+sin (04 —0B)S.r a4 ®Sar
)

—cos (04 —0B)Sra® sz3>
In order to extract the actual probabilities we need to switch from the rotated
Pauli vectors ¢; to the rotated canonical basis vectors ey, o’ = 0,1,2,3, as we

did in section 5.l This leads to the following mappings between ¢ 4 ® ¢/ 5 and
probability matrices:

S1rAa®Sirp =
So'aA @SB =

Cy/A®§y’B -

OO OO OO0 HHEH
OO OO OO0 = =
S OO0 O OO H = HE
—H O OO0 OO0 H KR




212 Chapter 5

S2AQSyp =

O O = =
OO = =
o O OO
o O OO

Additionally we need to find matrices for ¢, 4 ® ¢,/ and ¢, 4 ® G g. Since
SeaB=¢€rapand S p=e€yap— €y pitiseasy to see that

0 0 0 O
0 0 0 O
Cw’A®§Z’B = 1 -1 0 0
0 0 0O
0 0 1 0
0 0 -1 0
CZ’A®<$’B = 0 0 0 0
0 0 0 0
Combining it all together yields
1 1 1 1 0 0 0 O
, 111 11| |oo0oo0o0
Pag. = 7l 1111 1 000 0
1 1 1 1 0 0 0 1
0 0 0 O
0 0 0 O
—cos (04 — 0B) 00 1 0
0 0 0O
1 -1 0 O
-1 1 0 0
—cos (04 —0p) 0 00 0
0 0 0 O
0 0 0O
. 0 0 0O
—sin (604 — 0p) 1 ~1 0 0
0 0 0O
0 0 1 0
. 0 0 -1 0
+sin (04 — 0p) 0 0 0 0 >
0 0 0 0
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We could just add it all up now, but it is convenient to make use of the following
trigonometric identities

1—cos(0a—0p) sin? 04— 0B
2 N 2

1+cos(f0a—0p) C eos? 04— 05
2 2

Similar formulae for 1 + sin (04 — ) are somewhat clumsier because we end up
with a 90° angle thrown in:

1fsin(9A703) ~ cos? 04 —0p +90°
2 2

1+sin(9,4—93) — i 04— 0p +90°
2 B 2

Let 64 — 0 = 04 for short, then at long last

. . o
sin? 24z cos? l4n  gin? fan 0”1

. o

ey = 1 cos? daB sin? dae cos? 76*‘3;90 z (5.8)
AB = 5 o o . -
2 COS2 9,433-90 S1n2 QAB;-QO S1n2 933 %
1 1 1 H
2 2 2

Observe that for 4 = 0p so that 8,5 = 0 the probability matrix does not change
at all, i.e., for the Bell state | ¥ ) 4 the probability of finding both qubits aligned
in any direction, not just the original e;, e, and e, is zero.

But evaluating probabilities at angles other than 645 = 0 or 845 = 90° (which
is what basically sits in terms such as p'™) reveals something quite peculiar. Let

us evaluate
P 4 —p

where " stands for a polarization axis that is tilted by 45°. This can be rewritten
as

p'1(0°,45°) + p!1(45°,90°) — p!1(0°,90°)
where the first angle in the bracket is 84 and the second angle is 65, or in terms of
GAB:

p'1(45°) + p!1(45°) — p'T(90°)
= 1sin2 45° + 1 sin? 45° — 1sin2 o0°
2 2 2 2 2 2

= sin?(7/8) — 0.5 - sin®(7/4) = —0.10355 (5.9)
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So what?
The fact that this number is negative tells us an insightful story about the world
of quantum physics.

5.6 Bell inequality

Let us consider
pTAa/B + p/‘Aa"B (5.10)

for the Bell state | ¥=)4p. We have marked the arrows clearly with A and B,
because soon we are going to replace B with A.

Recall that for the Bell state | U~) 45 qubit B is always an inverted image of
qubit A. When measured, it always points in the opposite direction, regardless of
which direction we choose.

So we may hypothesize that if we were to measure qubit A first, this would
force qubit B automatically into a reverse image of A. Therefore performing a
measurement on A first and then on B is really like performing a measurement on
A, then flipping what comes out and measuring it again the way that B would be
measured.

But we could just as well reverse the order of measurements on A and B or
perform both measurements simultaneously and the result in terms of probabilities
still ought to be the same, as long as there isn’t enough time between one and the
other measurement for the other qubit to interact with the environment, since this
may change the state of the other qubit in a way that no longer depends on the
first qubit only.

Some quantum mechanics purists object to this reasoning saying that quantum
mechanics does not allow for a single qubit to be measured simultaneously against
polarizers at two different angles. And this is indeed true. But here the same
quantum mechanics provides us with a mechanism that lets us overcome this re-
striction: this mechanism is entanglement, entanglement that makes qubit B an
inverted copy of qubit A. So by performing simultanous measurements on A and
B we can, in effect, measure, say, A against two different angles at the same time.

Let us then substitute a counter-aligned qubit A in place of qubit B:

/B — /A

—B — —A
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But if qubit A passes through the  polarizer, it is the same as to say that it
would not pass through the "4 polarizer, so, in terms of the actual probabilities,
we can write:

where — is a Boolean nof2.
Similarly
—A

p<—A :pﬁ

In effect, our original expression (5.I0]) can be rewritten as
pTAﬁ/A _|_p/Aﬁ—>A (5.11)

The first term of (G.IT)) is the probability that qubit A passes through the 1
polarizer and at the same time fails to pass through the ,/ polarizer. The second
term is the probability that qubit A passes through the ' polarizer and at the
same time fails to pass through the — polarizer.

The following, though as it will turn out incorrect, argument asserts that the
sum of the two probabilities should be no less than the probability that qubit A
passes through the T polarizer and at the same time fails to pass through the —
polarizer, p'4-" =4, Why should it be so?

We may conjecture that a qubit that goes through the T polarizer and at the
same time fails to pass through the — one, let us call them qubits of the {T,— —}-
category®, may or may not pass through the / polarizer — if we were to subject it
to such a measurement. Strictly speaking, in order to implement this measurement
we would have to produce a strong entanglement of three qubits, such that they
would be always found in identical (or reversed) states. Anyhow, let us get back to
our duplicated qubit A. The reasoning goes that if the qubit were to pass through
the /" polarizer (this would make it of a { /'}-category), it would contribute to the
{ /', —}-category and thus also to p~"4°"~4, and if it were not to pass through
the  polarizer, it would contribute to the {{,— }-category and thus also to
pTAﬁ/‘ A

This is illustrated in figure

4Recall that the fiducial vector of probabilities is always normalized so that for the principal
direction, e.g., / we have that p A 4 plAa=p A4 p A =1,

5We are using here the word “category” in its traditional rather than mathematical sense, i.e.,
a distinct class to which entities belong. It is OK to think of these as sets.
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{1.- 7} {/ ==}

Figure 5.8: A classical look at the Bell inequality. We have three boxes labeled by
the categories, with qubits belonging to one or more. Boxes labeled by {1,~ '}
and { /", - —} are disjoint. The inner box corresponds to qubits in the {f,—~ —}-
category. We subdivide it into two disjoint boxes labeled by {1,— ,— —} and
{1, /,— —}. Qubits in the left box, labeled by {7,— ', = —} also belong to the
{1,— '} box and qubits in the right box, labeled by {1, 7, — —} also belong to
the {,/,— —} box and so we find that the number of qubits N in each category
must satisfy: N7 4+ N7~ > NT2/m= 4 NT27= = NT7=which translates
into pTAv_‘/‘A +p/A7_‘*’A > pTAy_“’A

In summary:
pTA’_‘/A +p/‘Aa_‘4’A > pTAy_‘*’A

Now, let us substitute qubit B back in place of qubit A:
pTA7/B _|_p/A7_’B ZpTA;—’B (5.12)

But this contradicts equation (B.9) where we have found that

pTA7/‘B _|_p/A7_’B < pTA,—>B

What is amiss?

Inequality (B.12)) is one of the celebrated Bell inequalities. Bell and others, e.g.,
Clauser, Holt, Horne and Shimony [I1], and more recently Greenberger, Horne and
Zeilinger [24] [23] and Hardy [25] demonstrated several such inequalities and other
algebraic expressions that purport to flesh out the difference between classical and
quantum physics.
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Let us have a closer look at the reasoning that led us to inequality (B.12]). The
way we transformed biqubit probabilities into single-qubit probabilities was actually
quite OK, even though it looked somewhat unnerving. The resulting probabilities
all check out. What does not check out is the statement that

We may conjecture that a qubit that goes through the T polarizer and at
the same time fails to pass through the — one ... may or may not pass
through the  polarizer .... ... If the qubit were to pass through the
/" polarizer ... it would contribute to the { 7, = —}-category and thus
also to p7"4" 4 and if it were not to pass through the / polarizer, it
would contribute to the {1, = }-category and thus also to pl4:""4.

What fails in quantum physics is the division of the set of qubits in the {1,— —}-
category into two disjoint groups depending on whether the qubit would or would
not pass through the  polarizer if we were to carry out this additional mea-
surement. This division is hypothetical because we do not actually carry out this
measurement. But if we do not carry out this measurement then the property in
question does not exist and so it cannot be used to split the set.

What does exist is vector r that describes the quantum state of each qubit in the
{1, —}-category. If this vector points in a direction other than /" or ,/, and we
may expect this to be the case for almost every qubit in this category, then there is
a non-zero probability that the qubit will pass through the  polarizer, but there
is also a non-zero probability that it will not. So the same qubit in the {T,— —}-
category may contribute to both the {,— ,"}-category and to the {7, -~ —}-
category, which are disjoint, because they are based on the actual measurement.
This has the effect of swelling the volume of the {1,— —}-category with respect
to this hypothetical , measurement, and so in some cases we end up with the
violation of the Bell inequality.

The Bell inequality (5.12) holds for some angles, in particular it holds for 845 of
0°, 90°, and 180°, i.e., the angles we have in our basic fiducial matrix of a biqubit®,
but it does not hold for some other angles, most notably for the combination of
oAB of 45° and 90°.

What is it then that the Bell inequality (B.12]) and its violation in quantum
physics illustrated by inequality (5.9) tell us?

6This is why the problem was not noticed in 1935 when Einstein, Podolsky and Rosen first
considered a biqubit measurement of the kind discussed here. It was only in 1964 that Bell
noticed the discrepancy between predictions of quantum mechanics and predictions based on “local
realism” and encapsulated the discrepancy in the form of experimentally testable inequalities.
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They tell us more than one thing, and this is the problem. The discrepancy is the
result of various aspects of quantum physics combining, which leads to confusion.

At first glance we may draw a conclusion that the physical process underlying the
projection of a qubit in some quantum state onto a specific direction of a polarizer
is truly random, i.e., that there cannot be a hidden switch inside the qubit that
determines (with 100% accuracy) how the qubit is going to align. If there was
such a switch inside, then we could base our division of the {1, ~ —}-category into
the two disjoint {1, ,— —} and {1, /,— —} categories based on the state of
this switch and so the inequality would hold. In quantum mechanics parlance we
say that no deterministic local hidden parameters theory can explain the quantum
mechanical result — the “local hidden parameter” being the switch that sits inside
the qubit.

But this result does not exclude the possiblity of non-deterministic local hidden
parameters and it does not exclude the possiblity of deterministic non-local hidden
parameters either.

We do have a “local hidden parameter” inside a qubit. It is vector ». It is
“hidden”, because we cannot get at it in a single measurement. To evaluate all
three components of 7 we must explore the whole statistical ensemble of the qubit
with instruments designed to measure them and no instrument can measure all
three at once either. This parameter, however, does not determine how a qubit is
going to behave when measured. It only provides us with probabilities of various
outcomes. So it is not a deterministic parameter.

We also have a deterministic non-local theory, much favoured by Bell [4],
that can be used to reproduce violations of Bell inequalities and other similar
expressions [I4], which is due primarily to Erwin Schrédinger (1887-1961),
Louis de Broglie (1982-1987), David Bohm (1917-1992) and Basil Hiley [§].
This theory has some troubling implications and is not well known. Some
physicists may have heard of it, but few studied it in depth. This is a great
pity, because the theory is physically and logically unassailable on account of
being derived entirely and solely from the fundamental equations of quantum
mechanics, so all that quantum mechanics predicts, this theory predicts too.

The theory provides “classical dynamic explanations” for all quantum
phenomena such as spin, probabilities, measurements, collapse of the wave
function, interference fringes, non-locality, etc., and, who knows, ... it may
even be true, sic! But true or not, it makes good reading and gives one plenty
of food for thought.

The troubling implication of the theory is that on the fundamental level
it treats the whole universe like a single indivisible object: nothing can be
truly isolated from the rest. Such isolation and subsequent identification
of the isolated components as, e.g., “individual electrons”, becomes possible
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in thermodynamic limit only, hence the title of Bohm’s and Hiley’s book
“The Undivided Universe”. The other troubling implication is the violation
of special relativity on the fundamental level, but special relativity is then
recovered on the level of expectation values.

Yet, these are the implications of quantum theory taken to its logical
conclusion, even if somewhat beyond the point where most physicists are
prepared to go — and, needless to say, we have already arrived at quite similar
conclusions when studying the inseparability of a biqubit. These will be
explored further in the next section.

Why this particular picture should be more troubling to the majority
of physicists than, say, multiple universes, for which there is not a shred of
experimental evidence, or geometric dimensions in excess of 3+1, for which
there is not a shred of experimental evidence either, is hard to tell. If, as
Einstein commented, Bohm’s theory (not called “Bohm’s” back then) is too
cheap, the other theories seem far too expensive. At the same time they
all, including Bohm’s, suffer from the same fundamental malady of dragging

macroscopic, classical concept of space-time into their framework.

5.7 Nonlocality

When applied to a biqubit system in the Bell state | ¥~)ap the violation of Bell
inequality (B.12)) illustrates one more aspect of quantum physics: the non-locality
of a biqubit.

What does it mean?

The quantum mechanical description of a biqubit is extremely primitive. There
is nothing here about the actual physical location of the biqubit components. Sup-
pose, both components are separated by a large macroscopic distance, for example
600 m as has been demonstrated in a fairly recent photon experiment by Aspelmeyer
and his 12 colleagues from Institut fiir Experimentalphysik, Universitdat Wien in
Austria [2] — or even a planetary-scale distance as is planned for a forthcoming
satellite-based experiment. Can it really be that qubit B measured characteristics
end up being always opposite of qubit A’s — if, as the Bell inequality tells us, they
are made quite at random at the point of the measurement rather than due to
some “deterministic hidden parameter” inside the qubit? How can qubit B know
instantaneously what state qubit A has been filtered into? Surely, there ought to
be some retardation terms inserted into the probability matrix, to the effect that
qubit B would learn about qubit A’s encounter with the polarization filter after,
say, xap/c only, where x4 is the distance between the qubits and c is the speed
of light.



220 Chapter 5

This is exactly the objection that Einstein, Podolsky and Rosen brought up in
1935 [16]. Their conclusion was that since no information could travel faster than
light, there had to be a “deterministic hidden parameter” inside a qubit that would
predetermine the way both qubits would interact with the polarizing filters. The
Bell inequalities and numerous subsequent experiments [I§] demonstrated clearly
that there could not be such a “deterministic hidden parameter” inside a qubit. It
is clear that on the most fundamental level quantum mechanics of multiple qubits
contradicts special theory of relativity. This fairly superficial observation is further
confirmed by a more formal proof provided by Hardy [25] and the realization of
Hardy’s gedanken experiment by Irvine, Hodelin, Simon and Bouwmeester [31].

It is well worth having a brief look at how the Bohm’s theory explains what
happens.

In the Bohm’s theory every quantum particle is associated with a field, called
quantum potential, that stretches all the way to infinity and does not diminish with
distance. The field can be derived from the Schrodinger and Dirac equations on
fairly standard substitutions similar to what physicists do within the so called WKB
approximation. But in the Bohm theory we don’t approximate. We calculate things
exactly. Taken to this level, fundamental equations of quantum mechanics can be
interpreted as equations that describe congruences of trajectories as determined
by the quantum potential and various other externally applied fields, e.g., electric,
magnetic, gravitational. The interaction of the particle with the quantum potential
is instantaneous meaning that whatever the field “touches” and however far away,
has an instantaneous effect on the particle.

A measuring apparatus is also a quantum object and so it has a quantum potential
field associated with it too.

A biqubit confronted by two widely spaced polarizers is a system of two qubits and
two polarizers all joined with the fabric of the shared non-local quantum potential.
Whatever happens to qubit A is immediately and instantaneously transmitted to
qubit B and vice versa. But not only this. A configuration of both polarizers is
also transmitted to both qubits, even before they arrive at their respective points
of measurement, and has an effect on how they align.

A heuristic analysis presented in [8] as well as detailed calculations presented by
Durt and Pierseaux [14] show how this mutual and instantaneous coupling of all four
partners results in the violation of Bell inequalities and other similar expressions.

This model is quite telling. It not only points to the instantaneous interaction
between qubits A and B, something that we are forced to expect as soon as we learn
about the entanglement and find about its various experimental demonstrations,
but, just as importantly, it tells us that we must be careful when thinking about
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the act of measurement itself. It is a physical interaction between two or more
physical systems. If all participants to the measurement have non-local feelers, we
have to consider the possibility of a biqubit adjusting itself to a configuration of
the measuring instruments prior to the actual measurement.

The resulting “conspiracy of nature” gives us the quantum reality that puzzles
us so at every step.

It is not necessary to believe in the Bohm’s theory to appreciate various important
and interesting points this model makes, just as it is not necessary to be a Christian
to appreciate the wisdom of Christ’s parables.

How else can we think of an entangled biqubit?

Another approach would be to be more radical about the very notion of space-
time itself. After all space-time is a macroscopic construction that requires macro-
scopic rulers and clocks to define. But we can’t take these into the quantum domain,
so we should not drag the classical fabric of space-time into the quantum domain
either. Yet this is what just about all present-day theories do, perhaps with the
notable exception of Smolin’s “loop quantum gravity” [49] and “spin networks” of
Roger Penrose [43].

How could we replace classical macroscopic space-time in the quantum domain?
For example, we could think of a graph of interactions. Quantum systems, e.g.,
qubits, biqubits, and n-qubits would not be embedded in any space-time. There
would not be any distance between them. Instead they would exchange various
properties with each other. In some cases the exchanges would be intense, in
other cases they would be weak. The exchanges might be ordered too, though not
necessarily strongly. In the thermodynamic limit the graph may turn into space and
time. The weakly or seldom interacting quantum objects might appear as being
far away from each other. The strongly or frequently interacting ones, as being
close. The ordering of the graph may turn into macroscopic time. Projections of
the interactions between quantum systems onto this macroscopic time and space
may acquire some randomness, which is what we, the Creatures of Macroscopia,
see when we look at the quantum world.

Everything in this system would stay together at the most fundamental level,
and this would explain the non-locality of biqubits — their eventual separation into
two independent particles occurring only at the macroscopic level as the result of
interaction with great many other nodes of the graph.

Can it really be that all the universe, all physical reality somehow exists at a
single point and its macroscopically observable spacious and temporal extent is an
illusion built from myriads of interactions within this point?
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Why not? Consider photons. In the photon’s system of reference time stops
because of relativistic time dilation. A photon does not experience time. Similarly,
in the photon’s system of reference the whole world is squeezed into a point because
of Lorentz contraction. From the photon’s personal point of view it is everywhere
at the same time. Could it be that the photon is right?

In some sense this picture is not so distant from Bohm’s theory. It is like Bohm’s
theory with the space and time taken out of it, so that its quantum potential can
be non-local.

It is not uncommon in theoretical physics that different conceptual and mathe-
matical frameworks turn out to be equivalent and lead to identical physics.

At the end of the day none of the above may be true. But it is certainly true that
Bell inequalities and quantum physics force us to radically revise our often naive
notions about the nature of reality.

5.8 Single qubit expectation values

Consider a separable biqubit state described by p4 ® pg. It is easy to extract just
one of the probabilities from it. We did something similar when defining energy
form for a system of two separate non-interacting qubits in section (.1l page [I811

The trick is to contract the biqubit with 914,13 and make use of (¢%,¢;) = 20°;,
where 7,5 = 1,x,y, 2. And so:

(SBPA®PE) = Py
(ch,pa®DPB) = P

We can think of (¢k,p4 ® pg) as an expectation value for the measurement ¢k
on p, ® pp. Translating this into the language of quaternions, we find:

Pa=pa2R(1p - pg) = pa2Rpp
and now, switching from quaternions to Pauli matrices,
pa=psTrepp
This last expression can be rewritten as
pa=Trppap

where for a separable biqubit py5 = p4 ® pg. The symbol Trp means “taking
trace over variables that pertain to qubit B” and is referred to as a partial trace
operation. Physicists also talk about tracing particle B out of the biqubit state.
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It is interesting to trace qubit B out of the Bell state | ¥7) 4. Recall that

_ 1
|\II >AB = Z (§1A®§1B _CIA®§:EB_gyA®§yB_§zA®§zB)

Contracting it with ¢k yields

1

1
Z .2y ==
4(C1A ) D)

—_ = = =

which implies that r4 = 0. This is a completely depolarized state, a total mixture.
Similarly, we’d find that particle B, when looked at separately from particle A
appears completely depolarized. Yet the biqubit itself is thoroughly polarized. It
is in a pure state.

There are several interesting conclusions that can be drawn from this observation.

The first conclusion is that this particular biqubit state, the Bell state | ™) 4,
does not provide us with means of transferring useful information from a point
where qubit A is measured to a point where qubit B is measured. At every point
of measurement the measured qubit, be it A or B, appears completely chaotic. It
is only afterwards, when the results of the measurements for qubits A and B are
compared that we get to realize that the two qubits were entangled and in a pure
biqubit state.

The second conclusion is that if we were to associate specific information with
the biqubit, as we associated 0 with |) and 1 with ||) previously, the information
would be contained in the entanglement, i.e., in the biqubit correlations and not in
the individual qubits of the system.

The third conclusion is that although the unitary formalism does not, at first
glance, let us discuss mixtures and therefore the act of measurement either, here
we have a unitary model that captures a mixed state too. It does it by entangling
a qubit with another qubit. The result of the entanglement is that the state of
each individual qubit becomes mixed. We can therefore generate mixed states of
quantum subsystems within the unitary formalism by viewing them as part of larger
unitary systems. And we can try to model the act of measurement by entangling
the measured quantum object with the measuring apparatus — the quantum state
of the whole being unitary, but the quantum state of the measured object decaying
into a mixture.
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We will discuss this in more detail later, but first let us apply the gk p Measure-
ment to the most general biqubit state, which is, as we saw earlier, is

1 ) .
Pap = 4<€1A®§1B+ Z 4 Sia ®S1p + Z 3614 ®Sip

i=xy,z i=x,y,z

+ > @i cm®<j3> (5.13)

LJ=T,Y,Z

Contracting this with ¢} yields

1 ,
Pa = (Sp:Pap) = 5 (stat > rhsia

i=,y,z

and contracting p 45 with ¢l yields

1 _
Pp = (S, Pap) = 5 |18t Z rBSiB

i=,y,z

These two formulas give us a new interpretation of rf4’ p in a biqubit. The biqubit
coefficients rf4’ p encode the results of separate measurements on qubits A and
B. We can read these directly and easily from equation (I3]). Because they
correspond to individual qubits at both ends of a biqubit, they must both lie within
the respective single qubit Bloch balls, i.e., we must have that r4 - r4 < 1 and
rp-rp < 1. We have seen previously that these coefficients mix the same way they
do in single qubit systems.

This again confirms that if we focus on one component of a biqubit and ignore the
other one, we have no way of telling whether this qubit is entangled with another
qubit or just mixed for some other reason.

5.9 Classification of biqubit states

A biqubit system appears very simple at first glance. Yet, when investigated in
more depth, it reveals a great deal of complexity. The complexity derives primarily
from the many ways in which biqubits can be mixed: both on the level of individual
qubits, which is described by 74 and g, and on the level of biqubits themselves,
which is captured by @ 45. On top of this we have pure states and entangled states,
and the latter can be mixed too.



The Biqubit 225

Yet, it is still so surprising to learn that most work on biqubit separability and
classification began in the mid-1990s only, some 70 years after the birth of quantum
mechanics and after Pauli’s discovery of his exclusion principle. The reason for this
is that prior to that time, most physicists considered biqubits within the confines of
unitary formalism, and here matters are greatly simplified. It was the new interest
in Bell inequalities and related biqubit probability measurements that made physi-
cists ask whether the correlations they observed were indeed of quantum nature or
merely due to classical mixing. This very fundamental question proved remarkably
difficult to answer.

At the same time, this topic is central to quantum computing, because everything
in quantum computing is done with biqubits. The reason for this is that a biqubit
gate, called the controlled-not gate is universal to quantum computing. And the
other reason is that the moment we enter the domain of experimental quantum
physics we have to abandon the comfortable, but idealistic world of the unitary
formalism and face the reality of fully blown probability theory, or the density
operator theory as the physicists prefer to call it in this context. As working cars
cannot be designed without taking friction into account, similarly, working quantum
computers cannot be designed without taking depolarization, dissipation and other
non-unitary phenomena into account. We saw it very clearly in the quantronium
example.

Let us go back to the biqubit representation given by equation (5.7):

1 ) )
Pap = 4<§1A®C1B+ Z ng€1,4®§jB+ Z T'ASiA @ S1B

J=z,y,2 1=1,Y,2

- Y Hgoao) o

1,]=T,Y,2

where we have normalized the probabilities so that «a, the coefficient in front of
S14a®61p,is L.

We have seen in section how to change the frame in which a biqubit is mea-
sured and what effect this has on equation (G.I4). The basic idea there was that
the three Pauli vectors labeled by z, y and z behaved under rotations like normal
3-dimensional vectors that pointed in the z, y and z directions.

Equation (5.I4]) evaluates probabilities p g in terms of Pauli vectors attached
at two different locations, the location of qubit A and the location of qubit B.
These two Pauli frames don’t have to be oriented the same way and can be rotated
independently of each other — exactly as we did in section
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An arbitrary rotation in the 3D space can be characterized by providing three
Euler angles. The two independent rotations, one for qubit A and the other one
for qubit B, are therefore specified by six Euler angles. We can always choose the
six Euler angles so as to kill the six off-diagonal elements of matrix xfg B

Matrix %, does not have to be symmetric for this and we will not end
up with complex numbers on the diagonal either, because here we manipulate
both frames independently. If we wanted to diagonalize matrix foB by per-
forming an identical rotation on both frames, then the matrix would have to
be symmetric for this to work. This is because then we would have only three
Euler angles to play with, and with these we could only kill three off-diagonal

elements.

Having diagonalized matrix xi{ 5 we end up with only 9 real numbers (that aren’t
zero) in p 45 in place of the original 15. And so, it turns out that of the 15 degrees
of freedom that characterize the biqubit in the fiducial formalism, 6 are of purely
geometric character and can be eliminated or otherwise modified by rotating frames
against which the biqubit components are measured. But the remaining 9 degrees
of freedom are physical.

Once we have l’i‘j g in the diagonal form, we can switch around the labels on the
directions x, y and z so as to rewrite the Eij xZBCiA ® G term in the following
form:

Sign (det wAB) (HiBgmA RCzp + Hi}ggyA ® Syp + R,ZABCZA & ng)
where the kappa coefficients are ordered as follows:
Kap = Kp = Kagp

The r coefficients are the same as the z% 5 coefficients after the diagonalization up
to a sign and ordering.

But even now we may have some freedom left. For example, if all £’ ;; are zero,
then we can rotate both frames as much as we wish without changing '3, or £’y
at all. Furthermore, we're still left with the freedom to reflect rather than rotate
the varsigmas. For example:

SzA — —SzA and

Sep — —SzB

leaves k% p unchanged.
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When such additional freedoms are left after diagonalization of xi{ 5 we use them
to kill as many remaining rf47 p as possible, usually starting with 7% 5, then pro-
ceeding to 7} p. l

The purpose of all these manipulations is to “normalize” the qubit’s representa-
tion, and remove any dependence on geometry and choices of directions.

The resulting probability matrix is:

1 ) )
DPap = 4<€1A®§1B+ Z r%6ia ®S1p + Z TJB§1A®§]'B

i=,y,z J=T,Y,2

+sign(detw,43) Z HZBCkA®§kB> (5-15)

k=z,y,2

It should be remembered that coefficients r%, and rg are no longer the same they
were in the original version of p 5. Rotating Pauli vectors ¢; 4 g changes not only
xfﬁB, but 7% and 7"33 too.

Now, following Englert and Metwally [I7], we can divide all possible biqubit
states into classes:

Class A defined by % 5 = % 5 = K55 = 0. The completely chaotic state with all
coefficients equal zero belongs to this class. Since we end up with z'{5 = 0
for this class we can still rotate both frames, at A and B, and kill rflq”ZB, which
leaves:

1
Pap =7 (614®613 + 75624613+ THS14 ®S2B)

il plt pim pl®

plt o plb plm ple
=T pol g po®
p®T p®l p®—> p®®
1 1 L+7g 1
1] 1 L+ 1
I G A s A e A o A
1 1 1+75 1

where 4 > 0 and 7% > 0 too. This is the most general normalized state in
this class. It is a very strange state with well defined local single qubit states,
but with no biqubit correlations at all, not even classical ones of the form
TATESzA @ Sz

Class B defined by r% 5 = k%3 = k45 =k >0 and det zap > 0.
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Class B~ defined by k%5 = k%5 = k%5 =k >0 and detx 45 < 0.

Here we still have the freedom to kill additionally three rf4’ p. Following an
established convention we choose

1
Pap = 1 (ClA ®<1p
+riSza ®S1p
+614 ® (r5Szp +T75S2B)

Pt plt pt
P pH plm ple

-1 p=b g po®
p®T p®l p®*> p®®

1+r5xtk 1—-r53Fk 1471% 1

:} l1+r5Fk 1—-r5xtk 14713 1
41 1+ri+ry 14074 —0r5 1475 +r5E£r 1475
1+7% 1-7r% 1+7% 1+k

where 4 > 0 and when 7% > 0 then r3 > 0 and when r% = 0 then r% > 0
and r% = 0.

Two important families of states:

1

1(C1A®613if€(<1A®cmB+cyA®cyB+czA®czB))

belong to class BE. They are called Werner states. A B~ Werner state with
k =1 is the Bell state | ¥7) 4p.

Class C defined by k%5 =k > kY% = k45 = 0.

Here det@xap = 0, because k%5 = k%5 = 0. This leaves us with enough
freedom to clean up rf{l’ g too — such is the established choice — so that the
state looks as follows:

1
Pap = 1 <€1A ®<C1p

+ (19624 +734S24) @618
+614 ® (rBSep +75S2B)

TR 4 ® CmB)
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I plt pi= pl
o pH plm ple

p®l Pl p®—  p®8
1+ri+rg 1413 —1% 14+r5+7134 1473
:} 1—r4+rg 1=75—-1r%5 1+15—-1% 1-7%
4 14+r4+ry 1+75—1% 14+r4+r5Es 1479
T+7r% 1-r3 1+7rg 1

where 7% p > 0 and 7 > 0 and when 7 = 0 then r3; > 0.

A simple separable biqubit state p, ® pgp defined solely by r 4 and r g belongs
to this class. We can rotate both frames so that r4 = r%e,; 4 andrp = rje, g.
Then

1
Pap = 1 (S14®S1p +74S2aA®@S1p +T5ES14 R Sep +TATES2A @ Sap)

Class D" defined by k% > k% = k%5 = & > 0 and det 45 > 0.

Class D™ defined by k% g > k%5 = k55 = £ > 0 and detzap < 0.

Here we have less freedom left after the diagonalization of xi{ p and the only
rf4, 5 that we can to get rid of is %. The resulting state looks as follows:

1
Pap = 1 (ClA X<

Jr(Tf;CzAJrquCzA) ®<S1p
+614 @ (rBsap + TSy +THS2B)

i(n””cm®cx3 +f<a(§yA ®Syp +<z,4®cz3))>

L
Pt pH plm pe

p®1 p®l  p®— 8B
1+r44+r5+r 1405 —r5Fk 14715 +1% 1+rf4—|—7“}/3
:1 l—r44+r5Fr 1—rj—rhtr 1—14+1% 1—r4 +r
4 1+r45+rF 1+7r4 —r% 1474 +r5 £k 14145 +1%

14+7% 1-1r% 1475 1+r%:|:/£
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where % >0, 74 > 0 and % > 0. When 7% = 0 then 7§ > 0. When r% =0
and r¥ = 0 then % > 0.

All pure states belong to class D™. Their generic form is

1
Pap = 1 <§1A ®<1p
+7(Sea ®S1p —S14 ®Sap)

(5.16)

where r € [0, 1].

It is easy to see why this must be the generic form of a pure state. Pure states
are described by 4 complex numbers, or 8 real numbers, constrained by one
normalization condition. This leaves 7 real numbers. But 6 of these can be
eliminated by frame rotations, so that we end up with just one generic param-
eter. This generic parameter is r in the above equation. So the dimensionality
is just right.

The next thing that we have to check is that this is indeed a pure state. We
can do this by demonstrating that its corresponding density quaternion is
idempotent, i.e., that pp = p.

Let us begin by replacing varsigmas with sigmas:

1
Pap = <1A®1B
4
+7r(024a Q@1 —14Q0zp)
02 AQOp — «/1—r2(ayA®ayB+azA®azB)>

(5.17)

Let us organize the computation by introducing

a = (0:401B—14Q0ap)
b = 0,4R0:p
c = (0y,Q0yg+0:4R0:5)

then

1
PaB PaB = *(1A®1B+rafbf\/1—r2c)

16
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X (1A®1B+Ta—b—\/1—7“2c)

1

= —|(1 1 2ra — 2b — 2+/1 — r2

16( A®1B+2ra b r2c
+r2a® +0> + (1 —r¥)e
—r(ab + ba)

—rv/1 = r2(ac + ca)
+v'1—1r2(bc+ cb))

The trick is now to remember that A sigmas must multiply other A
sigmas only and the same holds for B sigmas.
It is very easy to see that

2

b2:UzA®UzB'UzA®U:DB:1A®1B

This is because 0i4,50i4,5 = 1a,B, for i =z,y, 2.
It is almost as easy to see that

A =2(1a®1p—0,4A®0.p)=2(1a®1p —b)
This is, first, because of the above, and second, because
Oys,Q0yp 0:4Q00:B=0:4Q0:B-0y,Q0yg=—024Q0zp

The minus here comes from 2.

And it is childishly easy to see that
a2202=2(1,4®13—b)
too. This is because
1A®02p-1a®0o,p=14R®1p
and because
1lAa®02p Ora®@1lp=0,4Q0.5=">
Let us then add
r?a® +b* 4+ (1 —7r%)c
=r2(14a®1-0)+14a®@ 15+ (1 —-7*)2(1a®@1p — b)
=31a®1—2b

and so

14 ®1p +2ra—2b— 21 —r2c+r2a®> + 0> + (1 — r?)

=414 Q®1p +2ra —4b—2+/1 — r2¢c
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For perfect happiness we still have to generate additional 2ra and
additional —2+/1 — r2c using the remaining three anti-commutator terms.
It is quite trivial to see that

bc=cb=—c
This is because
0,0y = —0,0; =10
and
0,0, =—0.0, = —i0y
So bc is merely going to swap oy, ® 0y and 0.4 ® 0.5 and throw
i? = (—i)? = —1 in front. Consequently
bc+cb=—2c
Similarly
ab="ba = —a

This is because
UIA®1B '01A®UzB = 1A®UIB

Consequently
ab+ ba = —2a

and
—r(ab+ba) + V1 —1r2(bc+ cb) = 2ra — 24/1 — r3¢

Adding this to
4141 +2ra —4b—2+/1 —r2c

yields
414 Q@1 +4ra — 4b — 41 — r2c
which when divided by 16 returns the original p, 5.
We are left with one more term, namely,

rv1—712(ac+ ca)

and this term vanishes, because here we have just one o, 4 5 from a
multiplying one of the o . , 5 from c, first from the left, in ac, and then
from the right, in ca. But different sigmas anti-commute, so this kills the
whole term.

This computation, although somewhat tedious, is also instructive.
Apart from demonstrating that the quaternion of state (517)) is idempo-
tent and so the state itself is pure, the example also shows how to divide
a lengthy computation of this nature into smaller, manageable chunks,
and how to perform the computation itself by using quaternion rules only
and not Pauli matrices.
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Class ET defined by k = k% 5 = k'3 > K% and det 4 > 0.

Class E~ defined by k = k%5 = k% 5 > k% p and detxap < 0.

These two classes are very similar to D¥. The difference is that whereas
previously we had k = k¥ = k?, here we have that x = K = k¥ instead and
k* is different.

This, as before, lets us kill 7% only and so we end up with

1

Pap = 4(§1A®§1B

+ (raSza +74S24) ®S1B
+614 ® (rESap + hSy 5 + 75S:B)

:l:(l‘i} (CwA®§xB+§yA®CyB) +HZCZA®<2B)>

piT plt pl= pl®
o pH pim pe

p=l pmt opmT pm®
p®1 p®L  p®— ;88
1+r4+r5+£6% 1475 —rEFr* 1405 +71% 1475 +rY
L 1=+ FRT I-ri—rhERT 1-ri+7h 1—r% +71%
T4 145413 1474 —r% L+ +r8 £k 1+ +1rY
14713 1—1% 1+7% 1+r% +k

where 74 > 0 and 7%, > 0 and when r% = 0 then 7% = 0 too and r§ > 0.
Additionally 7% > 0 too and when 7% = 0 then % > 0.

Class F' defined by k% > k%5 > K% and det z 45 > 0.

Class F~ defined by k%5 > kY 5 > k%5 and detxap < 0.

With all three kappas different we get no freedom to kill any r-s. We can
deploy reflections in order to make as many of %4, r%, %, 7%, r3 and rj as
possible positive — in preference of the order listed.

The resulting probability matrix is
1
Pap = 1 S1A®GC1B

+ (r%Sea + 196y 4 +73624) ®S15
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+614 @ (rbsap + %Sy 5 +75S2B)

+ (k"6o4 @ Sop + KYSy 4 @Gy p + K762a ®<z3)>

Pt pll pi= pl®
il pl®
p~l pmt pmT pT®
p®T p®l p®—> p®®

1+r5 +r5£r* 1413 —r5FK* 1475 +713 1—5—7“2—1—7'5’3
71 1l—rj+r5Fr* 1—-1r3—r5xtk* 1—-75+71% l—ri—i—r%
T4 1+ 4y 1474 —r3 L+ri+ry£8% 1404 +71%

1L+7r% +r3 1+7Y% —r% L+7r% +r% 1+ +r% £rY

Classes A through F are subdivided into families that are defined by the values of
the parameters that characterize each class. Unitary transformations do not take
a member of a family outside the family. In other words, the families are unitary
invariants.

The classification presented in this section is somewhat superficial. It is based on
how the state looks when expressed in terms of Pauli vectors (or Pauli quaternions,
or Pauli matrices — the look and classification are the same). This should be
considered only as the first step in understanding biqubit states in general.

At first glance we still cannot tell whether a given biqubit state is entangled or
just a fanciful mixture that looks similar to an entangled state, but isn’t.

5.10 Separability

The Englert and Metwally classification of biqubit states presented in the previous
section must be supplemented with two additional conditions. The first one is
obvious: every term of matrix p,p must be restricted to [0...1], because every
term of the matrix is a probability. This imposes restrictions on the k coefficients,
together with more obvious restrictions on the r4 p vectors deriving from their
interepretation discovered in section B8 “Single qubit expectation values”, page

The second condition is less obvious: it may happen that a state described by
pap looks perfectly OK at first glance, but is, in fact, unphysical.

An example of such a state is a Werner state of class Bt with x = 1, i.e.,

1
phip= Z(ClA®§1B+§93A®§zB+§yA®§yB+CzA®§ZB)
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its explicit probability matrix is

2 0 1 1
1{o 211
111121
111 2

This matrix looks perfectly acceptable: all terms are within [0...1]. But its physics
looks very suspicious. What we have here is a system of two 1/2-spins that align in
every direction, i.e., if we measure both spins against e,, they come out aligned. If
we measure them against —e,, they come out aligned too. And this is also the case
for every other direction. So this is a system of spin 1 that is spherically symmetric.
But a spherically symmetric system cannot have spin 1. Only a system of spin 0
may be spherically symmetric.

A reader who took section 21l “The ugly quanta”’, page 1] to heart may
object here and say that we should not be hasty in declaring what is and what
is not physical ex cathedra. That this should be decided by an experiment
rather than aesthetic or even mathematical considerations. Even the most
beautiful and convincing mathematics is useless if it is derived from incorrect
assumptions. Well, we can say with certainty that such a state has never been
observed.

If the argument about the symmetry of this state not being physical is not con-
vincing enough, here we have another argument. The probability of a transition
between this state and Bell state | ¥7) 45 is ... negative.

The Bell state | ¥7)4p is a perfectly legitimate, pure and experimentally ob-
served state that defines a certain direction in the biqubit Hilbert space. Its corre-
sponding projection operator is | ) 4p® 4 (¥~ | and it corresponds physically to
a state with spin 0. It would be perfectly OK for state pjg g to have zero probability
of transition to the Bell state, but a negative probability is clearly unphysical.

Transition probability to the Bell state can be evaluated similarly to the way we
did it for single-qubit states in section 4] “Probability amplitudes”, page We
simply need to evaluate the following bracket, (P, Plip):

S
(Pap>PaB)
1
1 (ch®cp— 64 ®¢h —c4 ®¢% — ¢4 ®sh),

N

(ClA®ng+§rcA®§zB+§yA®CyB+§zA®§ZB)>
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1 . N
- T6(<g}4’glA><ng’ng> - <§Aa§zA><§B,CzB>

(6% Sy )t Sy g) — (€5:52a) (652 m))

1
:E(2X2_2X2_2X2_2X2)

1
2
Observe that pj; p can be obtained from p, 5 by replacing, for example,

SzA — —SzA

Sya T TSua

SzA — —SzA (518)

while leaving all ¢; 5,7 = x, vy, 2z intact, or the other way round, but not both.
Such an operation would not produce a weird unphysical state if performed on a
simple separable biqubit state

1 . 1 )
5 (stat > rsia ®5 |t > risip

1=T,Y,% 1=T,Y,2

because it would be equivalent to replacing r4 with —r 4, and this would still be
a perfectly normal, physical state made of qubit B in the same state as before
and qubit A pointing in the opposite direction to the one that qubit A pointed to
originally.

It would not produce a weird unphysical state if performed on a general separable
biqubit state, i.e. a state that is a finite mixture of simple separable states for the
same reason. It would be equivalent to replacing r4,; with —r4; for every mixture
component labeled by i.

Yet, when applied to an entangled state it produces an unphysical state.

It turns out [46] [29] [17] that this is a common feature of all biqubit entangled
states. This amazing property was discovered by the family of Horodeckis from the
University of Gdansk in Poland and by Asher Peres from Technion in Haifa.

Why is it so? The reason for this is that an entangled biqubit can be thought
of as a “new compound particle in the making”, or an “old compound particle in
the breaking”. The latter is a more common experimental situation. Note that the
making of a compound particle is the same as the breaking of a compound particle
viewed backwards in time.
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When a compound particle breaks the spins of the constituents must be aligned
just so, in order to conserve various quantum numbers, of which angular momentum
is one, and to which spin contributes. If one of the constituents gets switched the
other way, artificially, the rules break real bad — producing, e.g., a spin-1 system
that is spherically symmetric — and we end up with an unphysical configuration.

But for a biqubit that is separable, the same does not hold. Here there is no need
to adhere to various conservation principles and such. The two constituents of the
biqubit are fully independent and may point whichever way they wish.

Whereas the Peres-Horodeckis criterion of separability is simple and elegant, it
is not all this easy to check whether a given state produced by operation (B.I8) is
physical or not. But we can use the bridges that lead from fiducial vectors to Pauli
matrices to help ourselves in this task somewhat.

The bridge works as follows.

Let us go back to a simple separable biqubit described by

Pap =Pa D Pp

Consider a simple energy form

Nap =MA®Sp+S4Onp

The expectation value of energy on p,p is

(Nap,Pap)
= <nAva><§1B’pB> + <<hva><nBapB>
= —ps Ba—pp- By
where B 4 and Bp correspond to B in locations A and B respectively. Recall that

(¢!, p) is 1, because there is a 1/2 in front of ¢ inside p.
Let us now switch to the quaternion image of the same. Here we have that

PaB = PADPB

and
Hyp=H,®1p+14 Hp

Multiplying H ap by p4p yields
H sBpap
=(Hs®1p+12@ Hp) (ps®pp)
= (Hapa) ® (1ppp) + (1aps) ® (Hppp)
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Since 1p = p we can simplify this to
Hppap = (Hapa) © pp+pa® (Hppg)

Now recall that

= —g (B - r) 1+ terms multiplied by sigmas

—_

= —(E) 1 + terms multiplied by sigmas

SO

= (;<EA>1A+...>®/)B+/)A®<;<EB>].B+...)

= (;<EA>1A+~-->®(;1B+~-~>+<;1A+-~->®<;<EB>1B+---)
B + () a1+

where “...”

is a shortcut for terms that have some sigmas in them, be it one or
two. So clearly, extracting what stands in front of 14 ® 15 and multiplying it by
4 this time yields the right answer.

This is therefore the operation that we need here:

(Eap) = 4ARaRp (Happap) (5.19)

Going now one step further and thinking of sigmas as matrices rather than quater-
nion units, we replace each 2R with its own trace operation, which yields:

<EAB> = TI‘ATI‘B (HABPAB) (520)

Various operations on tensor products of two qubits can be rewritten in the form
of simple matrix and vector calculus, for example a tensor product of two 2 x 2
matrices can be represented by a single 4 x 4 matrix. This is how it works.

Consider a tensor product of two unitary vectors in a 2 dimensional Hilbert space,
e.g., | u)® | v). Let

| u) =uo [ 0) +us | 1)

and
|v) =wvo[0)+v1]1)
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then

| W | v)

(uo [ 0) +u1 [ 1)) @ (vo [ 0) +v1 | 1))
ugvo | 0)® | 0) +ugvy | 0)@ | 1) +uive | )@ [ 0) +urvy [ @ [ 1)
=  UpVo | 00> + upv1 | 01> + u1vg ‘ 10> + uv1 ‘ 11>

where we have used a shorthand | 00) for | 0)® | 0) and for other combinations of
the basis vectors.
But we can always re-interpret binary sequences as decimal numbers, namely:

00 = 0
01 =1
10 = 2
11 = 3

So we can rewrite our tensor product of | u)® | v) as

UV | 0> “+ ugu1 ‘ ].> “+ u1vg | 2> + uivy ‘ 3>

where
[0) = [0)®]0)
1) = [0®]1)
12) = [H©]0)
13) = [hHell1)
or we can also represent it in terms of a “column vector”:
Zo upVo
— 11 Upv1
PIETRTE G I I
2 10
I3 uU1v1

This can be also obtained by the following operation

[
Ug 0

U1

[
U1 0

U1
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Observe the difference between the tensor product and the so called direct
sum of two vectors, which would be:

Uo
U1
Vo
U1

vy | v) =

Occasionally people ask the question, “why a quantum mechanical system
of two qubits is described by the tensor (direct) product and not by the
direct sum of two qubits?” In classical mechanics, for example, a system of
two material points is described by the direct sum of the particles’ guiding
vectors. The reason for this is that quantum mechanics is a probability theory
and a probability of some combined outcome in a multicomponent system is

a product of probabilities of outcomes pertaining to each component.

Now let us consider a tensor product of two 2 x 2 matrices. These are representations

of operators acting on unitary vectors in the 2-dimensional Hilbert space, namely:

( @0 Go1 > = 0)apo(0 | + [ 0)ao1(1 | + [ 1)a10(0 [ + | Da1: (1 |= a
aio an

Let b be a similar matrix/operator. Then

a®b = (]0)ag(0|+[0)aoi(l |+ |1)ao(0 |+ | L)an(l])
@ (] 0)boo(0 | + [ 0)bo1 (1 [ + | 1)b10(0 | + [ 1)b11(1 |)

= | 00>a00b00<00 I + ‘ 00>a00b01 <01 ‘ + | 01>a00b10<00 | + | 01>a00b11<01 |

+ | 00)ao1boo

( (
+ | 10)a10b00<00 | + | 10)&10601<01 | + | 11>a10b10(00 | =+ | 11>a10b11<01 |
(

10 | -+ | 00>a01b01<11 | + | 01)(101610 ].0 | + | 01>a01b11<11 |

+ | 10>CL11b00<10 | + | 10>a11b01<11 | + | 11>a11b10 10 | + | 11>a11b11<11 |

= [0)agoboo(0 | + | 0)agobo1{1 | + | 1)aoob10(0 | + | 1)aoobi1 (1 |
+ 1 0)ao1boo(2 | + | 0)ag1bo1(3 | + | L)agibio(2 | + | 1)agib11(3 |
+ | 2)a10b00(0 | + | 2)a10b01 (1 | + | 3)a10b10(0 | + | 3)aiob11(1 |
+ | 2)a11b00(2 | 4 | 2)a11b01(3 | + | 3)a11b10(2 | + | 3)a11b11(3 |

agoboo  aoobo1  ao1boo  ao1bo1
agobio  apobi1  ao1bio  a@o1bin
a1oboo  aiobor aiiboo  a@11bo1
aiobio  aiobin  aitbio a1nbnn
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This matrix can be also obtained by the following operation:

a0 boo  bo1 ao1 boo  bo1
b10 b11 blO bll
boo bOl bOO bOl
MO by by ) M b b
Now, observe that
Tr,Trpa ® b

= Trea - Trpb = (ago + a11) - (boo + b11)

= agoboo + apob11 + a11boo + a11b11

is the same as a single trace of the large 4 x 4 matrix.

Matrix multiplication of the 4 x 4 matrix by the 4-slot vector yields another 4-
slot vector, which, when contracted with a 4-slot form produces a number that is
the same as would be obtained from, say, operation such as (Vg | pap | Yan).
So instead of working with explicit tensor products of 2 x 2 Pauli matrices we
can switch to these 4 x 4 matrices instead and instead of calculating double trace
operations such as Tr 4 Trp we can calculate single traces of the corresponding 4 x 4
matrices.

If the 4 x 4 matrix in question is made of the density quaternion p,p, then
it must satisfy the same requirements that we discovered for single qubit density
operators, namely:

1. It must be Hermitian.

2. Its trace must be 1.

3. It must be positive.

4. Tt must be idempotent if it describes a pure state.

Returning to the Peres-Horodeckis criterion for biqubit separability, we can fairly
easily check that a given 4 x 4 density matrix of some biqubit state is not posi-
tive by calculating its determinant. If the determinant is negative it means that
either one or three eigenvalues of the matrix are negative, which implies that on
the corresponding eigenvectors the expectation values of p,p are negative too,
which, in turn, implies that the state described by p,p is unphysical, because
these expectation values are supposed to be transition probabilities.

It may happen that the 4 x 4 density matrix has either 2 or 4 negative eigen-
values, in which case its determinant is still positive. But the case with 4 negative
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eigenvalues being negative can be easily eliminated, because in this case the trace
would be negative too.

The case with 2 negative eigenvalues is harder. Here we may have to look at
other matrix invariants or simply find all eigenvalues explicitly.

Let us see how this works in practice.

Appendix [C] lists 4 x 4 matrices that represent some tensor products of Pauli
matrices. Let us rewrite the density operator of Bell state | ¥~ ) in the 4 x 4 form.

1l®l-0,00,—0, R0, —0,R0,)

RNy

p_:

Making use of equations (C1]), (C2), (C3) and (C4) on pages 287 and 288 results

m

1 00 0 00 0 1
1 01 00 0010
Po= oo 1ol o100
00 0 1 1 00 0
000 —1 1 0 00
001 0 0 -1 00
1 o 10 o) o0 0 -10
-1 0 0 0 0 0 0 1
0 0 00
110 2 -2 0
T 410 =2 20
0 0 00

The determinant of this matrix is zero, but it is easy to see that three eigenvalues
of this matrix are zero and the remaining one is +1. So this matrix makes a viable
representation of a density operator. On no biqubit projector state P do we find
that Tr (Pp~) < 0.

But now let us have a look at the Werner “state”

1
p+:1(1®1+o'$®0'z+o'y®o'y+az®a'z)

This time the corresponding 4 x 4 matrix is

OO O
o o = O
o= O o
— O O O
= O O O
o~ OO
OO = O
SO O
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000 —1 1 0 00
001 0 0 -1 0 0
+0100+00—10>
100 0 0 0 o0 1
2.0 0 0
1|00 20
= 2l o020 0
000 2
The determinant of the
L0 20
200
00 2

sub-matrix is —1/8. The algebraic complement of the 1/2 in the upper left corner
of the 4 x 4 matrix is therefore (—1)1*1(—1/8) = —1/8 and so, using the Laplace
expansion formula the determinant of the 4 x 4 matrix is

1 1y 1
2 8) 16
It is negative, which implies that either one or three eigenvalues of the 4 x 4 matrix

are negative. Therefore the matrix does not qualify as a plausible density operator
representation, because a biqubit projector state P exists such that

Tr (Pp+) <0

It is enlightening to review the mathematical reasoning that lead the fam-
ily of Horodeckis to conclude that the operation described in this section, i.e.,
switching the sign in front of sigmas (or varsigmas) that refer to one of the two
qubits, but not both, and then checking if the resulting new state is physical,
yields a necessary and sufficient condition for separability of the original state
[29].

First, let us recapitulate some basic terminology. A state p,p is called
separable if it can be represented by a finite mixture of simple separable
states, i.e., if

k
Pap = P%BPiA X Pip
i=1

A state p 4 is physical if for any biqubit projector Pap =| ¥ap) ® (Vg |
Tr(PaBpap) =0

The density operator p 45 that satisfies this condition is also called positive
— in this case this is a mathematical way of saying that it is physical.
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Linear operators that act on the qubit Hilbert space themselves form a
Hilbert space of their own in which a scalar product

(A,B) = Tr (B*A)

can be defined, where the { operation indicates Hermitian conjugation, i.e., a
matrix transposition combined with complex conjugation of the matrix terms
(it does not affect any of the Pauli matrices, which are all Hermitian).

Qubit operators may be transformed into one another by the action of lin-
ear maps. The maps are said to be positive if they convert positive operators
into some other positive operators. Maps are said to be completely positive if
their tensor product with the identity is a positive map in the larger biqubit
operator space. For example, if A 4 is a map, then it is said to be completely
positive if

As®1p

is positive on the space of biqubit operators.

The reasoning now runs as follows. First we observe that p 45 must be
separable if and only if

Tr (Happag) > 0 (5.21)

for any Hermitian operator H sp such that
Tr(HapPa®Pp)>0

where P4 and Pp are arbitrary projectors in the space of qubits A and B
respectively.

This observation seems quite obvious, at least in one direction, but there
is actually a fairly simple proof that derives from certain general properties
of convex spaces equipped in a scalar product, and a space of separable states
has these two properties, that demonstrates the veracity of the statement in
both directions, i.e., if and only if too.

A theorem proven by Jamiotkowski in 1972 is now invoked that translates
the condition Tr (Happ ) > 0 into the language of positive maps with a
quite specific expression in place of H 4p, namely:

Tr (Pap(la®Appag)) >0

where P 4p is a one-dimensional Hermitian projector in the biqubit space and
A p is an arbitrary positive map in the space of qubit B. The projector can
be dropped from this condition, because it does not affect the positivity of
14 ® App,p and so we end up with the following theorem: p 45 is separable
if and only if 14 @ App 4p is positive for any positive map Ap.

At this stage a theorem by Strgmer and Woronowicz is invoked that says
that any positive map Ap in two and three dimensional Hilbert spaces is of
the form

Ap=Xp+YpTp
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where X g and Y p are completely positive maps and T g is a matrix trans-
position in the space of qubit B. So

14®Ap = 14®(Xp+YBTB)
= 149 Xp+1a®YBTs

Because X g and Y g are completely positive their tensor products with 14
are positive maps that do not change positivity of p,5. But 14 ® T'p is the
only term above that may change the positivity of p, 5, and so we are left
with the following criterion that has been literally distilled from the origi-
nal formulation with H ap: p,p is separable if and only if 14 @ Tppag is
positive.

The partial transposition operation 14 @ T (it is called “partial” because
it only affects one of the two qubits) does not affect 15, o5 and o5, but
it affects o, 5, because this Pauli matrix is antisymmetric:

r_ (0 =i\ _ [ 0 i\_
v=\i o) "\ = o)T 7%

Indeed, instead of replacing all three sigmas (or varsigmas) for particle A
(or B, but not both) with minus sigmas (or minus varsigmas), we could have
just replaced o, with —o, and already this would have converted the Bell
state p, 5 into an unphysical state. But why should the y direction be the
only one blessed so? After all it is up to us to define which direction in space
happens to be y.

The physical equivalent of the partial transpose operation is to reverse the
polarity of one of the qubits that make a biqubit completely (all three sigmas
are reversed), or to reflect its state in a mirror that is placed in the e; X e,
plane (only o is reversed.)

The partial transpose condition works only for 2 and 3 dimensional Hilbert
spaces. For higher dimensional spaces the condition Tr (14 ® Tpp,g) > 0 is
a necessary condition for p 45 to be separable, but not a sufficient one.

In summary, the Horodeckis’ proof tells us that the partial transpose
criterion works because it is a thorough distillation (i.e., all that’s left after
various irrelevant stuff is removed) of the more obvious, but much harder to

apply, criterion (G21]).

The Horodeckis theorem and its physical interpretation tell us something very
interesting about entangled states. They are qualitatively different from separable
states and, as the result, they are very difficult to concoct. It is not enough to just
bring two qubits together. All we’ll end up with will be a separable state of two
qubits or a mixture of such states. To produce an entangled state we usually have
to do something very special, e.g., we have to split a composite particle, or we have
to make an atom emit a photon. Then, only, as we saw in section 5.4, we're going
to get an entangled state.
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5.11 Impure quantum mechanics

Traditional unitary quantum mechanics is like Newtonian mechanics without fric-
tion. It is a highly idealized picture that ... while capturing great many phenomena
very well does not entirely correspond to the real world.

In section 2111 (pages B3 to[RT), figure 229 page BY we saw a vivid demonstration
of the problem. There we saw that the amplitude of the observed Rabi oscillations
diminished exponentially on the time scale of about a microsecond. The quantron-
ium qubit that started in a fully polarized state, gradually lost its polarization. Our
model that derived from the Schrodinger equation (via the von Neumann equation
projected so as to yield evolution of qubit probabilities) could not account for this
phenomenon. The r X B term ensured that only the direction and not the length
of the polarization vector r would change.

Then we revisited the issue again in section [£.8.1] where we discussed a general
solution to the Schrodinger equation and discovered that the equation preserved
the unitarity of states being evolved, see equation ({47 page

For great many years physicists were baffled by this conundrum. How could it
be that quantum physics, which explained so many phenomena so well, could not
account for depolarization, dephasing, decoherence, and. .. ultimately the very act
of measurement, the act that is at the very foundation of the unitary formalism. Yet,
the Schrodinger equation, with its many variants (Pauli, Dirac), a rich assortment
of Hamiltonians, and added complexities of quantum field theories and statistical
physics, was the only fundamental quantum equation known to work. It was also, as
we have observed in section 8] the simplest possible equation to evolve a quantum
state.

Eventually the solution derived from the observation we made in section (.8
“Single qubit expectation values”. There we noticed that a pure biqubit maximally
entangled state might look like two qubits both in completely chaotic mixed states,
when the constituent qubits were measured separately, and the purity of the biqubit
state asserted itself as correlations between the otherwise random outcomes of
measurements made on the constituent qubits.

It turns out that, mathematically, every mixed quantum state can be embedded in
a larger system, such that the larger system is unitary and its internal entanglement
results in the observed mixed state of the embedded component. The mathematical
procedure of finding such an embedding is called purification. So, we can state that
every impure quantum state can be purified.

This statement can be demonstrated easily for a single qubit. Recall
equation (B.I6) in section that represented every possible pure biqubit
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state in the following form of the D™ class:

1
Pap = 4<§1A®§1B

+7 (S04 ®S1p —S14 ®Sup)
- (czA ®6ap+V9I—12(sy, ®Syp+62a ®<ZB)) )

(5.22)

As we discovered in section the way to eliminate the other qubit from a
biqubit is to contract the whole biqubit with the other qubit’s ¢'.
Let us extract qubit A from p 45 given by (522)):

1
Pa = (SB:Pap)
1 1
= 1(2§1A+2T§1A):§(§1A+TCIA)

Similarly

1
Pp = <§}47PAB> = 3 (S18—TSzB)

They are both mixed-state qubits one pointing in the e, 4, direction and the
other one pointing in the —e,p direction. But let us recall that we have
obtained equation (5.22]) by rotating the varsigmas pertaining to each qubit
independently so as to eliminate as many terms from p 4 5 as possible. So, e, 4
and —e, g do not have to point in the same direction. Hence, any two qubits
in mixed states and of the same polarization value r, pointing in arbitrary
directions can be made to look like they are constituents of a pure biqubit
state, if we remember to add the third term in equation (522]), the one that
describes the correlation between the qubits.

This is an algebraic, not a physical procedure. We cannot just take any
two physical qubits and produce this third term,

Sea®Sep+V1—12(cy , ®Gyp+6:4®6.5),

by some fancy laboratory manipulations. All that the purification theorem
says is that a qubit in a mixed state can be always thought of as an entangled
member of some larger system that is pure.

This is not to say that entangled qubits cannot be engineered. They
can, but it is very difficult to do so, and even more difficult to control their

entanglement for a time sufficient to carry out some meaningful computations.

Clearly, purification is not unique. The same mixed state can be made a part of
various larger systems, in each case contributing to some pure state of the whole.
In case of the biqubit state discussed above, we can purify qubit A by coupling
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it to any of the possible qubits B pointing in various directions, as long as their
polarization value r is the same as that of A. We can also purify qubit A by coupling
it to larger systems, e.g., to biqubits, or tri-qubits, or to n-qubits.

So here is an idea. Why don’t we treat any mixed state as arising from en-
tanglement with other quantum systems? We can then use the unitary formalism
and the Schrédinger equation to describe the evolution of the larger pure system
of which the component in a mixed state is a sub-system, then we kill all the other
components of the larger pure system with ¢'s, or, in the parlance of the density
matrix theory, we trace them away, and what’s left is the quantum evolution of a
quantum system in a mixed state.

This may work with one snag. The evolution produced thusly will usually differ
in details depending on the type of the bath our mixed state subsystem has been
embedded in. Needless to say, a large industry exists already busying itself with such
exercises. On the other hand, many common features transpire from these exercises
that. .. seem to match quite well the observed quantum dissipative phenomena, of
which qubit depolarization is but one.

By enclosing boxes within larger boxes we are led to believe that everything can
be explained by the unitary formalism, until we try to embed the universe as a
whole in order to explain why it is in a mixed state. We arrive at a surprising
conclusion here that the universe must be in a pure state, because there is nothing
out there to entangle it with, unless we invoke a multitude of other universes with
which ours may be entangled, or some other multi-dimensional realms within which
our universe may be only a thin membrane. This is very entertaining stuff, and it’s
fine as extrapolation and expolaration of ideas, but it is not exactly natural science,
unless some experimental evidence is produced in support of such concepts.

Still, for a less ambitious task of modeling a depolarizing qubit, the program
discussed here is workable and we're going to have a closer look at some simple and
fundamental results in the following sections.

5.11.1 Nonunitary Evolution

Consider a system of two qubits, of which one is going to stand for an “environ-
ment” and the other will be subject to some evolution and observation. This is
a very simplistic unitary model of a qubit interaction with its environment but
it is sufficient to demonstrate a number of important non-unitary features that a
quantum system entangled with its environment may display.

Let the density operator of the “environment” qubit at ¢ = 0 be p(0) and the
density operator of the qubit we want to measure independently of the environment
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qubit be p,(0) at ¢ = 0. Both pg(0) and p,(0) are pure states, and the initial
combined state is simple and separable (cf. page [[91)):

Pap(0) = p4(0) ® pg(0)

Suppose the biqubit is fully isolated and that its evolution is unitary, as given by

equation ([A49), page 051t
Pap(t) =Uapt)pap(0)U5(t) = Uar(t) (p4(0) @ pp(0) Ul p(t)  (5.23)

Both qubits may become entangled with each other in the course of the evolution,
and when measured individually, may appear in mixed states, but the combined
system remains pure. What will the evolution of qubit A, ignoring the environment
qubit B, look like?

To answer this question we rewrite equation (5.23)) in more detail. Let Latin
indexes, i, j, k, and [, label basis states in the Hilbert space of qubit A and let
Greek indexes, «, 3, 7, and 9, label basis states in the Hilber space of qubit E.
Then, since U 4 is ultimately a linear operation, we can represent it as follows

Uap(t)= Y i) | a)Uiag; (0B ] (G |,
i,,3,7
where
Uiapj = (i | (a | Uag | 8) | j) (5.24)

Furthermore, since py(0) is pure, we can rewrite it as
PE(0) =[ ¥5(0)}(¥g(0) |
Substituting these in equation (.23)) yields

pap(t) = Y i) [ @)Uiag (8] (|
i,a,0,5
pa(0) [ ¥E(0))(¥E(0) |
Yo IR INULa@)6 ] (]

k,v,8,1
Contractions of | ¥ (0)) and (Pg(0) | with appropriate bras and kets of the Greek
index type produces numbers, which multiply the U;,5; and U,I7 5, terms resulting
in
Pap(t) =

Yo 1) Uiapi(B1¥(0)( | pa0) [ YTE0) | NUL 50| (]
i,0,0,5,k,7,0,
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Now we are going to trace-out the environment qubit. This is done by taking the
unsaturated dangling bras and kets of the Greek kind, here they are

da)y.. (6] ...
and turning them on each other:
[ a)(d | (a | 0) = das,

where 0,5 is the Kronecker delta. In expressions involving sums over all indexes,
this trick produces a trace. And so we obtain

pa(t) =
i’aﬁ%%m%s | Ui (B 1 5 (0)) (5 | pa(0) | KNP E(0) | DU 5(1 |
= sz l | )Uias (81 W5 (0))( | pa0) | kYT E(0) | 1)UL {1 |
= za: zk:l K %:Uiaﬁjw | Up(0)) | (5 1 pal0) | k) <;<\I’E(0) | 7>U;le) {1
Expression B
K Zﬁijw | Up(0) ) (| (5.25)

represents a matrix element of an operator, let us call it M, and what’s in the
brackets is (i | M, | j), This operator acts on p4(0). Similarly

| k) (Z(‘PE(O) |7>U;1wz> {1 (5.26)

~

represents a matrix element of M. What’s in the brackets is (k | M, | ). This
operator acts on p4(0) from the right. And so we find that

pa(t) = Mu(t)pa(0) M (1) (5.27)

Operations of the form given by equation (B.27]) are variously called. Some people
call them quantum operations, others call them super operations, and yet others
just call them maps. They map p4(0) onto p 4(t). They are linear, obviously, but
not necessarily unitary.
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We have encountered a map of a similar kind in section [5.10} The operation that
reversed the polarity of one of the qubits, while keeping the other qubit intact, was
a map.

Let us call a map given by (5.21) 2 and reserve square brackets for its argument.

The fancy looking symbol, 2, is a Gothic “A”. Mathematicians and physi-
cists resort to Gothic letters only when they have run out of other options
and are getting desperate. On the other hand, some mathematicians pre-
fer to use normal letters and brackets for everything, because, after all, just
about everything in mathematics is a mapping of some sort. But this pro-
duces formulas that can be difficult to read, because it is hard to see at first
glance what’s what. Our preference is for a moderately baroque notation that

emphasizes geometric and transformation properties of various objects.

In our case 2 is defined by:
p(t) = A[p(0)] = > Ma(t)pa(0) ML ().

Map 2 must satisfy certain conditions if it is to be physical, namely, we must
ensure that 2 [p(0)] produced by it is still a valid density operator.
Recall equation £.24] above. It implies that

(i]| Ma|j) = Uiapi{8] ¥5(0))
B

= (| {a[Uap | ¥E(0)) | 5),

which yields
Mo = (a|Uag | ¥E(0))

This expression is a symbolic abbreviation that is often used in place of the more
detailed, but less readable (5.25]) and ([&.26]).

Now it is easy to demonstrate that

> MM, =14

This will come handy in showing that map 2 is physical.
We begin by expanding

> MM,
- ZNJE(O) Uy | a)(a | Uap | ¥5(0))

= (Up(0) | UL pUags | ¥5(0)
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Expression M LM « implies multiplication of matrices M in the (i,j) space, i.e.,
in the qubit A space. Additionally, the sum over | a){« | produces multiplication
in the («, 3) space, i.e., in the qubit F space. In effect ULEUAE is indeed full
multiplication in both spaces, and therefore it must yield 14 ® 1, because U 45
is unitary. So, we obtain

> MM,
= (Up((0) |[1a@1p | Ug(0)
=14(¥5(0) | Tp(0)) =14

Armed with this fact we can immediately show that map 2 preserves trace of p 4(0).
Recall that Tr(AB) = Tr(BA) and that Tr(A + B) = Tr(A) + Tr(B). Hence

TraA[p,(0)] = Tr Z MapA(O)ML

=" T (Mapa(O)ME) = 7T (4 (0) Mo ML)
=>"Tr (pA(O)MLMa) =Tr (Z pA(O)MLMa>

=Tr <PA(0) > MLMa> =Tr(p4(0)1a)

= Tr (p4(0))

It is easy to see that 2 preserves positivity of p4(0). Consider

(Wa [ pa(t) | Va)

for an arbitrary vector | ¥ 4) in the A space. On substituting M ,s we get

D AUa | Mops(0) ML | U4)
But M|, | W,) is some other vector | ®,) in the A space, and, since p,(0) is
positive, we find that each (®, | p4(0) | @) term is positive and so their sum is
positive too, which implies that (¥4 | p4(t) | ¥ 4) is positive.
Finally we can demonstrate that 2 preserves hermicity of p, i.e., that if p(0) =
p(0) then p(t) = p (1)

i
pi(t) = <Z Map(O)ML>
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= Y (Mapoypt)’

= > (1) plo)nl,
= ZMOLP(O)ML

= p(t),

where we have used (AB)t = BYA" and p’(0) = p(0) in the third line.

In summary, whatever 2 does to p4(0) the resulting new operator can be still
interpreted as a density operator.

The operator sum representation of 2 in terms of operators M, as given by
equation ([B.27)), is not unique, because the same non-unitary evolution may result
from various forms of entanglement between qubits.

5.11.2 Depolarization

Let us consider the phenomenon of depolarization that we saw in section [2.17]
page B3l The unitary description of a single qubit, alone, cannot describe the
gradual depolarization we observed. Schrodinger equation predicts undamped Rabi
oscillations and undamped Larmor precession for such a system.

But when the single qubit is a part of a larger system, then its behavior may
change dramatically.

The unitary formalism describes polarization changes in terms of rotations and
flips. A typical example of a flip operation is the o, Pauli matrix, the NOT gate:

~(3)=(10)(5)=(2)

What does this operation do to vector »? It swaps a and b, and therefore it changes
the sign of r* and r¥:

r®* =aa* — bb* — bb* —aa* = —r”?
r® =ab* +ba* — ba* +ab* =1r"
rY =i(ab® —ba*) — i(ba* —ab*) = —1rY

But other flips are possible too. Let us have a look at what o, does to a qubit.

~(3)=(0 ) (3)-(5)
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What is the effect of this operation on 77
r*=aa* —bb* — aa* —bb* =17
r® =ab* +ba* — —ab* —ba* =—r"
Y =i(ab* —ba*) — i(—ab* +ba*)=—rY

This operation changes the sign of ¥ and r¥ while leaving r* intact.
Finally, o, does the following

a\ (0 —i a '\ _ —ib
v\ )T\ i o0 b ) -\ ia
And this translates into

r* =aa* —bb* — bb* —aa* = —r”?

r® =ab* +ba* — —ba" —ab" =—r"

rY =i(ab* —ba*) — —i(ba* —ab*) =1rY

In summary, o, rotates r by 180° around the z axis, o, rotates r by 180° around
the y axis, and o, rotates r by 180° around the z axis.
Everyone of these three transformations is a unitary transformation, because

1. every Pauli matrix is Hermitian, and
2. the square of every Pauli matrix is 1

therefore for every Pauli matrix

T

o0, =0;0;=1,

which is a sufficient condition for o; to be unitary.

Suppose the qubit is a part of a larger system of three qubits with the other two
qubits providing a simplistic model of an “environment”. The basis states of the
environment are:

|0g)® | 0g) = |0g)
|0p)® | 1r) = |[1r)
|1g)®|0g) = [2g)
I1p)®|1p) = |[3g)

Where the notation on the right hand side is a simplified way to denote the envi-
ronment biqubit basis states.
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Let the initial state of the whole system be
| ¥4)® | Op)
We consider a transformation U 4 of this system into

Uap |VAa)|0g)=V1—r|VA)®|0g)

K K K
+\/;am | UA)® | 1E) + \/;ay | UA)® | 2E) + \@az | U4)® | 3E),

where k is the probability that the qubit is going to flip, where we allow it to flip
about the z, y or z axis with equal probability of /3. The probability that the
qubit is not going to flip is 1 — k. If the qubit does not flip, the environment stays
in the | 0g) state. If the qubit flips about the x axis, the environment switches to
the | 1g) state. If the qubit flips about the y axis, the environment switches to the
| 2g) state. And if the qubit flips about the z axis, the environment switches to
the | 3g) state. Thus, the environment responds differently to every possible flip,
recording, as it were, what has happened.

The initial and final state of this operation are pure tri-qubit states, therefore the
operation itself is unitary in the tri-qubit space, but it is not going to be unitary
in the single qubit space. The corresponding map 2 will have the following M,
operator representation:

MO = <0E‘UAE|0E>:\/1_/{1A
K

M, = <1EUAE|0E>:\/;0'm
K

Mz = <2E‘UAE|0E>: gO'y
K

Mz = (Bg|Uag|Og) = 3=

The resulting transformation of p 4 is now
Pat) =ApA(0)]
= Mop4(0) M} + M1p,4(0)M} + Map4(0)M} + Mzp ,(0) M}

K K K
=(1—r)p4(0) + gUxPA(O)‘Tx + go'ypA(O)o'y + go'sz(O)o'z

Let us apply this formula first to a general case of p, = % (14 r-0). We can
always rotate our system of coordinates so that e, is aligned with 7, so without a
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loss of generality we can simplify it to py4 = % (1 +ro.). Because Pauli matrices
anti-commute and square to 1 we find that

00,0, = —0;0,0; = —0,
0,0,0y = —0,0,0,=—0,,
0,0,0, = O,.

And so

K K K
2 [pA] = (1 - H)pA + gaszo-x + gaypAo'y + gO'ZpAO'z
1
2

oo (-5

We find that although vector r does not change its direction, it shrinks.

Suppose that 2 is a continuous process meaning that there is a certain probability
T" of 2 happening to the qubit per unit time. Then k = 'At. As time goes by the
process repeats every At beginning with ¢ = 0 at which time r = r(0). After the
first At, the original r shrinks to r(At) = (1 — 4T'A¢/3)r(0). After the second At
this new r shrinks to r(2At) = (1 —-4T'At/3)r(At) = (1-4T'At/3)(1 —4T'At/3)r(0).

After n such applications of 2 the length of the polarization vector, r, will have
shrunk to r(nAt) = (1 — 4I'At/3)"r(0).

Let At =t/n then
4TE\"
t = 1———
0= (1-35) o

The expression gets more accurate with the shrinking of At and with n — oco. In
the limit we get

r(t) = lim <1 — §H>nr(0) = 674Ft/3’r(0)’

where we have explored the same trick that gave us equation ([{Z42]) on page [[48
We see that the qubit depolarizes exponentially. This is indeed what we saw in

section 2111

5.11.3 Dephasing

Our next model is quite different. This time we are going to investigate the possible
effect that entanglement with a biqubit environment F has on the third qubit A, the
state of which does not change nominally. Growing entanglement, that manifests
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in the environment flipping its state, is the only thing that happens. There are no
random spin-flips of qubit A here.

Assuming that the initial state of the qubit-biqubit system is | 04) | Og) or
| 14) | Og), the final state is going to be:

Uap:04)[05) — V1I-k[04a)[0g)+Vk]04)|1E)
Uap:|1a) [05) — V1I—r]14a)[0p)+Vk[14)]2E)

In other words, there is a probability x that the environment is going to flip on
qubit A from | Og) to | 1g) if the state of qubit A is | 04) and there is also similar
probability « that the environment is going to flip on qubit A from | 0g) to | 2g)
if the state of qubit A is | 14). But then, there is also some probability 1 — &, in
both cases, that the environment is going to stay as it is.

The operator-sum representation of this interaction will have three terms, with
M ; given by:

My, = (0g|Uag|Og)
M, = (1g|Uag|0g)
My = (2g|Uag|0g),

where M ; are operators that act in the space of qubit A. There is no M3 term
here, because we don’t make any use of | 3g) in our definition of U 4g. Qubit A
entangles with a 3-dimensional subspace of biqubit F.

It is easy to see that

<OE | UAE | OE> = \/1 —KlA
For M we find that it acts on | 04) as follows
(1 |Uag | 04) | Op)
=(1p| (VI=#04) | 0p) + V5| 04) | 15))
=k | Oa,

but produces zero, when acting on | 14). The matrix representation of M is
therefore

1 0
On the other hand, My produces zero when acting on | 04), but when it acts on

| 14) it produces

(2 |Uag | 14) | Og)
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=(2p| (VI=r|1a) | 0p) + V& | 14) | 25))
=V [ 1a).

Hence, its matrix representation is
0 0
The resulting map 2 is

Ulps] = MopaMf+Mip,M| + Mop, M}

(1— k) Yk 1 0 1 0 Yk 0 0 0 0
Pa 00)Pa\o 0o 01 /)P40 1
10 Poo  Po1 L 0O\ _{( po O
0 0 P10 P11 0 0 0 0
0 0 P00 po1 00y (0 O
0 1 P10 P11 0 1) \0 pu /)’

woi-n-ane ()= (1 5 )

Observe that

and

Hence

Now, suppose that the probability of such an entanglement happening to the qubit-
biqubit system per unit time is I', so that k = 'At. We are going to reason here
the same way we reasoned in the previous section about depolarization. After a
short time At, the density matrix of qubit A becomes

B (0) (1 —=TAt)p1(0)
pa(At) = ( (1- ?Xt)plo(o) P11(0§0 )
Then after two such time intervals:
(0) (1 —TA)?p01(0)
pA(2At> = ( (1 — Il?g)t)Zplo(O) pll(o)po )

And after n intervals such that ¢ = nAt we find that

- (0) (1 — DAY/ A% gy (0)
pa(t) = < (1- Fgggt/mpw(o) p11(0) " )
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In the limit At — 0 we get

lim (1 -TAt)=e¢ "
At—0

_ (0) e Tpyi(0)
pA(t)‘(e@i)m(m s (0 > (5.28)

The exponential vanishing of the off-diagonal terms implies the exponential vanish-
ing of x and y components of spin. Here we observe not so much depolarization,

Thus

but exponentially rapid projection of the spin onto the e, direction. This happens
not because a force or a torque has been applied to the qubit, but because the
qubit has become entangled with the biqubit that here, in this simplified model
represents the environment.

This phenomenon may be thought of as a very simple unitary model of the mea-
surement process. When a qubit, that may be polarized in any direction, encounters
the measuring apparatus, it entangles with it. The effect of this entanglement is
an almost instantaneous projection of the qubit onto the measurement direction of
the apparatus, which is here represented by e,. Any information contained in r®
and rY becomes lost in the process. Only information contained in r* survives. In
order to recover all information that characterizes the qubit, we have to repeat the
measurements for the other two directions on the statistical ensemble of identically
prepared qubits.

Recall from Section (page I53) that the unitary formalism encodes infor-
mation about r* and r¥ in the form of a phase difference between |T) and ||) within
the superposition. From the unitary formalism point of view, the loss of »* and r¥
means the loss of knowledge about this phase difference, hence the term dephasing
or phase damping that physicists use when discussing this process.

Figure 29 (B) in Chapter 2] Section [ZT1] page B8] illustrates the method of
measuring the decoherence time 7 = 1/T". In the Ramsey experiment we flip the
qubit from its |T) state to its |—) state first—in the unitary formalism, this is
(I1)4 [1)) /v/2. Then we let it precess about B while the transverse buzzing field
B is switched off. After some time, we turn the buzzing field B back on. If the
qubit’s polarization rotated around the equator of the Bloch sphere by a multiple
of 27, we are back to the starting point and the polarization continues on its march
towards the south pole. If the qubit’s polarization rotated around the equator
of the Bloch sphere by an odd multiple of 7, the qubit’s polarization will move
back towards the north pole. If the measurements are repeated for increasing time
between the two buzzing signals we end up with “Ramsey fringes”, i.e., with a curve
that looks like a sinusoid.
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The curve in Figure 2] (B) looks somewhat like a sinusoid, but it is damped.
The damping here is exponential and derives from the dephasing of the qubit. The
superposition state (|1)+ |1)) /v/2 does not last as it rotates around the equator
of the Bloch sphere. Because of the qubit’s entanglement with the environment
it decays exponentially towards either |T) or ||}, so that when the second buzzing
signal gets turned on, the polarization may no longer be on the equator of the Bloch
sphere. The result of this is that as time between the two Rabi signals is extended,
the qubit’s final state becomes increasingly chaotic. The qubit’s decoherence time
7 can be read from the envelope of the curve and it can be easily seen to be on the
order of a us.

5.11.4 Spontaneous Emission

Spontaneous emission occurs when a quantum system that is in a higher energy
state initially all of a sudden decays, for no apparent reason, to a lower energy
state, emitting some energy quanta in the process. The quanta may be photons,
but they may be other particles, too.

A reverse process to spontaneous emission is spontaneous absorption. Here a
quantum system absorbs energy quanta from its environment and upgrades itself
to a higher energy state.

Both processes are different from unitary absorption or emission of energy as
described by the Schrédinger equation. The difference is that here we don’t have
an obvious driver. We don’t know the reasons for the decay or for absorption.
There may not be any reasons, or, as we shall see shortly, the reason may be
the entanglement with the environment. In both cases, the resulting process is
non-unitary, and described in terms of map 2.

The simplest possible model of spontaneous emission is given by the following
two equations that define U 2.

Uag|04)[0g) = |04)]0g) (5.29)
Uap|14)|05) = V1-k[14)|0p)+ VK |04) ]| 1) (5.30)

In plain English, if the observed qubit A is in the ground state, it stays in the
ground state. Nothing changes. But if it is in the higher energy state, | 14), then
there is a probability of x that it is going to decay, transferring the energy to the
environment that now flips from | Og) to | 1g). And then, there is also a probability
1 — k that qubit A is going to stay in state | 14).

This process differs from depolarization. If this was depolarization, then we would
also allow state | 04) to flip to | 14). We use only two states of the environment
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here: | Og) and | 1g), so we are going to have only two operators M; with ¢ = 0
and 1. They are defined by
My = (0p|Uag|0g) (5.31)
M, = (1g|Uag|O0g). (5.32)
In order to reconstruct the matrices of My and M in the space of qubit A we

need to find out what are the effects of My and M acting on the basis vectors of
qubit A. And so

Mo [04) = (0p|Uag|04)|0g)=(05(04)|0g))=|04) (5.33)
Mo |1a) = (0g|Uag|1a)|0g) = (0 (V1—r[1a)]0g)+k|04)|1E))
= (0pV1—k]|14)|0g)=V1—k]|1a) (5.34)
This tells us that the matrix of M is diagonal and looks as follows:
1 0
Similarly, for My we find:
My [04) = (g |Uagp|04)|0g) =g (]04)]0g)) =0 (5.36)
Mi|1a) = (1g|Uap|ld)|0p) = Qe | (V1—k|14)]05)+ V& |04)|1E))
= (1 [vk|04)|1E) =k |0a) (5.37)
Hence, the resulting matrix of M is
(0 VR
M, = ( 0 0 ) (5.38)

And the map 2 looks as follows:
Alpa] = Mop, M} + Mip M|

(5 s e (6 )+ (0 0 e (G D)

For a general p, = ( ZOO 201 ) this becomes
10 P11

(% 1) ()

2 [pA] = /1 — kP10 (1 _ H)pll

_ poo + Kkp11 V1 — Kpo1 (5.39)
V1—kpo (1—kK)p1 '
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Now, suppose we apply 2 twice. The resulting new p in terms of the original p is
going to look as follows.

AR [p4]] = < Poo +1:‘€€12+1I€(_1H—pf0)pll \(/11__/;?(/11__/;;5?; ) (5.40)

As we apply 2 n times it is easy to see that the off-diagonal terms simply get
multiplied by (1 — /s)”/2 and the py; term gets multiplied by (1 —x)". The poo
term behaves as follows:

forn=20: 00

forn=1: Poo + Kp11

forn=2: poo + Kp11 + k(1 — K)p11

forn=3: poo + kp11 + k(1 — K)p11 + k(1 — k)% p11

So for an arbitrary n this becomes

poo + kp11 + k(1 —K)p11 + ... + (1 —K)"Lpp

n—1

= poo + Kp11 Z (1-r)"
k=0

The sum in this expression is the sum of a geometric series, which evaluates to

n—1 n n
1—-(1-k) 1—(1-k)
1-r) = = 41
(1=x) 1—(1-k) K (5.41)
k=0
So,
n—1
Y (1—r)f=1-(01-r" (5.42)
k=0
And so the (0,0) term of the density matrix becomes
poo + p11 (1= (1= &)™) (5.43)

Now, let us again exploit the trick that has served us so well in the previous
sections. We assume that k = 'At, where nAt = t. Then

n n/2
n +pn(1—(1-TLH)") (1-TLH)"" py
A [pa] = A o (5.44)
! < (1-T£)" pio (1-T%)"pn
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In the limit n — oo and At — 0 such that nAt = ¢ we obtain

e Tty o TH2,
oty = (PO O () <)) (5.45)

We find that as time flows the system converges exponentially on a state that
“points up”, which is the lower energy state, | 04).

If the original state | ¥(0)) had a non-vanishing amplitude of being registered
in the | 14) state, the amplitude would decay exponentially to zero, as would
amplitudes of finding the system in any of the transverse states, |—) or | ®). For
this reason physicists call this process amplitude damping.

Spontanous emission has one beneficial side effect. We can use it to force a
quantum system, which may have been in some thermal chaotic state initially, to
cool down and become pure. This is how quantum computations often begin.

5.12 Schrodinger’s Cat

Here is the sad story of the Schrédinger’s cat.

Schrodinger conceived of a following gedanken experiment.

A quantum system, for example, an atom of Rubidium is put in a superposition
state of two so called circular Rydberg levels with principal quantum numbers of
51 (we call this the | e) state) and 50 (we call this the | g) state).

Circular Rydberg states are states of multi-electron atoms, for example
atoms such as Rubidium, which has 37 electrons normally. They are char-
acterized by large magnetic quantum numbers that derive from the orbital
motion of many electrons around the nucleus. They are also characterized
by large principal quantum numbers of their valence electrons, i.e., electrons
that are in the outer shells of the atom. They tend to respond strongly to
electromagnetic stimulation and have long lifetimes. The circular Rydberg
states of Rubidium mentioned here have a lifetime of 30 ms. For these rea-
sons multi-electron atoms in circular Rydberg states are often used in quan-
tum experiments, including quantum computing systems. The other reason
is that the energy difference between | €) and | g) is in the microwave range,
51.099 GHz. Electromagnetic radiation in this range can be controlled with

great precision.

The atom is observed by a detector, which is connected to a vial filled with
poisonous gas. The detector works by smashing the vial if it detects the atom in
the | e) state and not smashing it if it detects the atom in the | g) state.
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Now comes the cruelty of this needless experiment—gedanken or not. The con-
traption is put in a sealed box together with a live cat. And Dr. Schrodinger says,
“because the cat becomes coupled to the atom through the contraption with the
vial of poison, the amount of poison being sufficient to kill the cat, the cat, like the
atom, should be in a superposition of two states: | alive) and | dead). And yet, if
we were to peek into the box, we would find the cat either alive or dead, and not
in between.”

The real purpose of this somewhat exaggerated gedanken experiment was to point
out that we could not separate the logic of the microscopic, quantum world, from
the logic of the macroscopic world—that we could always conceive of some situation
in which the states of the microscopic world had a direct bearing on macroscopic
systems.

As is often the case with gedanken experiments, the conclusions drawn depend
on great many untold assumptions. Gedanken experiments became fashionable
after Einstein’s initial success with them. But Einstein’s experiments dealt with
macroscopic systems and with macroscopic physics, all of which we are familiar
with. The situations were made strikingly simple so as to expose a particular point
Einstein was after. But there is nothing so simple when it comes to coupling between
an atom and a macroscopic system. The difference between the two is described
by the Avogadro number, 6.02252 x 1022 /mol—there is an Avogadro number of
interacting atoms in the detector versus only one atom the detector observes.

We have seen in this chapter the degree of complexity that arises when we move
from contemplating one qubit to contemplating two qubits. Imagine the mind-
boggling complexity if we were to switch from one qubit to Avogadro number of
qubits. What would the density operator of such a system look like? What would
be the atom’s evolution if we were to trace out the detector? And what would be
the detector’s evolution if we were to trace out the atom?

As to the cat, we should really take it out of the box, because its presence only
confuses the issue. The difference between | live) and | dead) is nowhere near as
sharply defined as the difference between the | e) and | g) states of the atom. The
cat may be sick, very sick, half dead, barely alive, or... very angry. It may also rub
against the detector and trigger the mechanism regardless of the state of the atom.

Rather than focusing on the cat, we could focus on the vial itself and contemplate
a superposition of | smashed) and | whole). And we don’t need to fill it with poison.

But the presence of the vial confuses the issue just as much as the presence of
the cat. Clearly, it is the detector itself and its interaction with the atom that is
of interest to us here. How the detector manifests the detected state of the atom,
be it by smashing a vial, or beeping, or moving a pointer, is of secondary impor-
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tance. What is important, is that the detector entangles with the observed atom
somehow—some physical interaction must be present—and eventually responds to
the state of the atom by counting either “up” or “down”, with the “up” response
on the detector side leaving the atom in the | ) state and the “down” response on
the detector side leaving the atom in the | g) state. The atom will dephase, and
the detector will respond to the atom’s dephasing by dephasing itself into a state
that can be read by us.

This is how detectors work.

What greatly puzzled physicists in Schrodinger’s days was that back then they
believed that it was the “act of observation”, however ill-defined, that was respon-
sible for the observed quantum system flipping to one of its basis states. Some
even believed that a conscious observer was needed. This resulted in one of the
axioms of quantum mechanics stating that “upon observation a quantum system
finds itself irreversibly in one of its basis states”. It is for this reason that they also
believed that the cat would be fine as long as we wouldn’t peek into the box. In
other words that it would be our act of observing the cat that would throw it out
of the superposition of (| dead)+ | alive)) /v/2.

The other issue here is what we referred to in Section B3] page [T7, as “The
Superstition of Superposition”. There we argued that a state that is in a superpo-
sition of two basis states is not in both states at the same time, but, instead, it is
in neither. It is in a third state that is altogether different. The physical meaning
of this third state is not always easy to figure out, but it can be always identified
by evaluating the full density operator and the full vector of probabilities for the
state. Consequently, even if we could put the cat in the superposition of | dead)
and | alive), it may not necessarily be something out of this world—it may, instead,
be just | sick).

Today we have a more sophisticated view of what goes on. We don’t need an ax-
iom. We can derive the dynamics of the combined system from the basic principles
of quantum mechanics using just the Schrodinger equation, in principle and in prac-
tice even, as long as the detector itself is not too large. A detector comprising the
Avogadro number of atoms is out of the question here. It is not computable. But
a detector comprising no more than 10 qubits can be analyzed fully and if the cor-
responding system can be implemented in a laboratory, the theoretical predictions
can be compared against the actual measurements.
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5.12.1 The Haroche—Ramsey Experiment

Just such an experiment was carried out by Haroche and his colaborators, Brune,
Hagley, Dreyer, Maitre, Maali, Wunderlich and Raimond, at the Kastler Brossel
Laboratory of the Paris 'Ecole Normale Supérieure in 1996 [9]. The experiment
is similar to Ramsey measurement, but with an important modification, hence the
name.

Haroche’s group created an “atom 4 measuring apparatus” system in which
the measuring apparatus was a mescoscopic cavity holding up to 10 photons. They
demonstrated that the photons in the cavity themselves were put in a superposition
of states by their interaction with the atom. Then they observed their dephasing
and transformation of the cavity state into a statistical mixture. The observed
behaviour of the system was contrasted with theoretical predictions [12] obtained
by an analysis somewhat like what we have presented in section B.ITHwith the
difference that instead of entangling a qubit with another qubit, here we entangle
it with 10 photons—and a highly accurate match was demonstrated.

Figure 5.9: Setup for the Haroche-Ramsey experiment, from [9]

The measurement setup for the experiment is shown in Figure 5.9 The whole
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apparatus is placed in vacuum and cooled to 0.6 K to reduce thermal radiation to
a negligible level.

The cylindrical can labeled O is an oven that effuses Rubidium atoms. The atoms
emerging from the oven are first conditioned by diode lasers Ly and L} so that a
certain subset of them, namely the ones that move with velocity of 400+6m/s, and
these atoms only, are in a state that is then pumped into a circular Rydberg state
| e) in the box labeled B. This procedure prepares on average 1/2 an atom every
1.5ms, and it takes about 2 us in B to condition the atom. Other atoms will be
naturally filtered away by the remaining part of the experiment, so we can forget
about them.

As the selected atoms cross the cavity labeled R;, in which they spend a precise
amount of time, on account of their selected velocity, their quantum state | e) is
rotated by 7/2 into (| e)+ | g)) /v/2. This is the Rabi rotation we had studied in
section [Z10, page

Let us, for the moment, assume that there is no cavity labeled S. As the atoms
fly from the microwave cavity R; to the microwave cavity Ry they precess, and are
then rotated again by /2 in Rs. So, we end up with a pure Ramsey experiment,
like the one discussed in section 210} that is here carried out on atoms of Rubidium
in these two circular Rydberg states. The atoms have more states than just | e)
and | g), but the dynamics of the experiment is confined to these two states only.
Consequently, this is a qubit experiment, which is good, because qubits are simple
and easy to understand.

Past the microwave cavity Rs there are two field ionization detectors, D, and
Dg. The first one is tuned to detect atoms in state | e) and the second one is tuned
to detect atoms in state | g). Both have detection efficiency of 40 + 15%.

The frequency of the Rabi oscillations field in cavities Ry and Ry is varied
slightly—by up to 10 kHz—around the resonance Rabi frequency for the | e) —| g)
transition, vy = 51.099 GHz. The variation is only two parts per 10 million, sic!.
This has a similar effect to stretching or shrinking the free precession time between
the two Ramsey pulses, so that when the atoms are finally detected either at D, or
D, we observe Ramsey fringes as shown in Figure 510 (a). It’s just that instead of
observing the fringes in function of time elapsed between the two Ramsey pulses,
here we observe them in function of the pulse frequency.
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Ramsey Fringe Signal

v (kHz)

Figure 5.10: Ramsey fringes, from [9]. (a) the microwave cavity C' contains no

photons, (b)—(d) the microwave cavity C contains photons, frequency detuning is
(b) 712kHz, (c) 347kHz, (d) 104 kHz.

What is plotted in the diagrams of Figure is the measured probability of
detecting an atom in the | g) state, based on the exploration of a statistical ensemble
of 1000 events per each point of the graph and sampling for 50 discrete values of
frequency v [27]. To collect enough statistics for each graph takes about 10 minutes.
The expected standard deviation for a count of 1000 is v/1000 = 32 (see, e.g., [19]),
which yields the relative error in the estimated probability of about 3%. The smooth
lines are sinusoids fitted through the experimental data.

Even though the detector efficiencies are about 40% only, here we take a ratio of
Ny to Ny + N, where N, and N, are the actually registered counts, so the curve
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in Figure £.I0 should vary between 0 and 1 in principle. Instead it is squashed
to between 0.22 and 0.78, on average, or, to put it in another way, its contrast is
reduced to 5545%. This is, amongst other reasons, because of static and microwave
field inhomogeneities over the diameter of the qubit beam, which is 0.7 mm. The
finite lifetime of the | e) and | g) states contributes to this loss of contrast as well.

Now let us turn our attention to the cavity called C. C stands for “cat”. This
is the mesoscopic “detector” the atom interacts with. The cavity is made of two
concave superconducting niobium mirrors separated by about 2.7 cm. The diameter
of each mirror is 5 cm and the curvature radius of their inner surface is 4 cm. The
electromagnetic fields trapped between the mirrors are focused on a small region
between them that is about 6 mm across. The Rubidium beam traverses the region
in about 19 us.

The field in the cavity is quantized and coherent. This had been demonstrated
prior to the Haroche-Ramsey experiment by the the Haroche group [10] and was one
of the first such observations in history, even though the idea of the electromagnetic
field quantization goes back to the Einstein’s photoelectric effect paper of 1905
[15]@ The cavity field quantization and coherence can be observed because it is
extremely weak and the cavity is cooled to near absolute zero. The average number
of photons in the cavity varies between 0 and 10, their lifetime is about 160 us
and their collective state prior to the interaction with the atom can be described
symbolically by | a).

Interaction between the qubit and this kind of a quantum field is not quite like
interaction between the qubit and the classical Rabi field, which we discussed in
Section 210l Here the interaction is with just a handful of photons, the number
of which is quantumly uncertain, meaning that there is a certain distribution P(n)
that gives us the probability of there being n photons in the cavity. This problem
was worked out by Jaynes and Cummings in 1963 [32] and the result is such that
if the cavity is filled with photons of the | e) —| g) transition frequency, then the
probability of the transition is

Pley—ig)(t) = Y P(n)sin® (Qv/'n + 1t) (5.46)

where ¢ is the time of interaction and Q = 27 x 24kHz is the qubit-field coupling.

This parameter plays a role similar to the Rabi frequency in this special context.
The exact distance between the mirrors can be varied, which results in tuning

the cavity. It can be tuned so that the field frequency in it matches the | e) —| g)

"In the Planck’s original derivation of the black body radiation formula, it was the matter’s
ability to absorb and emit radiation that was quantized, not the electromagnetic field.
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transition frequency, but instead it is detuned by between 6 = 27 x 7T0kHz and
0 = 2w x 800kHz. In effect, when the Rubidium atoms traverse the field region,
the frequency of the field is too far from the Rabi frequency and the atoms spend
too little time in the field region for any energy exchange to take place between
them. Instead the field in the cavity becomes coupled to the atom, which changes
the phase of the field by

0t

(b:T for Q<<§

if the atom was in the | ) state prior to entering the cavity and —¢ if the atom
was in the | g) state.

This is how the field in the cavity C becomes the “detector” of the atom’s state.

After entanglement with the atom, the combined state of the photons+atom
system becomes | €) ® | aei®) or | g) ® | ae™*®) and if the atom was in the super-
position state (| €) + | g)) /v/2 prior to entering the cavity C, the combined state
of the photons+atom system, after 19 us of the interaction in the cavity, ends up
in the superposition

1
V2
This has a profound effect on the Ramsey fringes that are detected by D,.

Figure 510l (b) shows Ramsey fringes when the cavity C' is filled with 9.5 photons
on average and it is detuned from the Rabi frequency by 712kHz. We can see that
the contrast has diminished somewhat and the peaks have shifed to the right a
little. The insert on the right hand side of the graph shows the field phase shift ¢,
as phasors, for both the | €) and the | g) states.

Figure (c) shows the same, but this time the cavity is detuned by 347 kHz.
We are getting closer to the Rabi frequency, thus increasing the entanglement be-
tween the atom and the photons in the cavity. The response registered by D, shows
even more diminished contrast and even more shift in the location of the peaks.

(le)® | ae?)+ | g)®@ | ae™™)).

The accompanying cavity field phase shift ¢ is somewhat larger than in the previous
case.

Finally, Figure (d) shows Ramsey fringes for the cavity detuning of 104 kHz.
This time we are quite close to the Rabi frequency, though still not close enough for
the full interaction described by equation (5:46) to take place. The entanglement
between the atom and the photons is stronger still and the Ramsey fringes almost
disappear. The cavity field phase shift ¢ is larger still.

The blue balls at the tips of the phasors in the inserts represent the uncertainty
in the field’s phase, that is due to quantum fluctuations of the field. We can see that
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in Figure B0 (d) the phase difference between the two field states is sufficiently
large to be resolved even in the presence of the uncertainties. On the other hand,
the separation in Figure 5101 (b) is too small and the two states are not resolvable.
The connection between our ability to resolve the two states of the “cat”, | ae’?)
and | ae‘i‘b), and the disappearance of the fringe pattern, which in the unitary
picture can be thought of as resulting from the interference of two amplitudes

(gle)=(g[Rile)+{g| Rz e)

is characteristic of quantum physics and shows up in many other situations. It is
often explained by hand-waving arguments about the conspiracy of nature. How-
ever, here we can carry out detailed calculations, because the problem of coupling
a qubit to 10 photons is still computable, and compare theoretical predictions to
observed, experimental data.
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Figure 5.11: Ramsey fringe contrast (a), and shift (b), from [9].

The two graphs in Figure[B.ITlshow the results of theoretical calculations (smooth
curves) and of the actual measurements (data points with error bars) for the Ramsey
fringe contrast (a), and for the fringe shift (b) both in function of the cavity field
phase shift ¢. The agreement between theory and measurement is indeed striking,
and it is here that the Haroche-Ramsey experiment is so remarkable.
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The almost total loss of contrast in Figure 5101 (d) can be understood quite easily
by invoking the Bloch sphere picture. Let us identify | e) with |1), and | g) with
1),

Just before the atom arrives at R; it is in the |1) state. The pulse in Ry rotates
it to |—) or some other “equatorial” state. Then the atom enters the “cat” cavity
and becomes entangled with the photons in it. The combined superposition state
that emerges from this interaction

75 (D) [ae)+ 11} [ ac™))

is pure, but if we were to trace the photons out, we would find that the qubit itself
is no longer in a pure state. We would find that it has dephased, as we have seen in
Section B IT3l The dephasing parameter I' in equation (.28]) would be quite large
on account of the detuning being relatively small. Consequently, the exponent e~
would kill 7* and r¥ of the qubit, leaving only r*. But an “equatorial” state of a
qubit does not have any r*. So the qubit emerges from the cavity C' in a completely
chaotic state » = 0. The application of the next Rabi pulse in Ry does nothing
to this state, it remains chaotic, and when it is finally measured by D, and D, it
returns a flat curve, as seen in Figure 5111 (d).

The act of measurement commited by the “cat” destroys the original state of the
qubit, but the information about it survives in the “cat’s” ¢. What more, tracing
the qubit out from the combined state has much less effect on the “cat” than tracing
the “cat” out of the combined state had on the qubit, because there is more of the
“cat”. And so, the “cat” will remain in the superposition

5 (lae)+ [ ae~)
or in a slightly mixed state that is very close to it.

This can be seen by sending another atom through C' almost immediately after
the first atom. The role of the second atom is to read the state of the field in the
cavity.

This complicates the picture somewhat. The second atom entangles with the
cavity field, adding or subtracting another ¢ to its phase. Furthermore, through
the cavity field, the second atom also entangles with the first one. Were we to
neglect the progressing dephasing of the cavity field, the combined state of both
atoms and the cavity photons would be

% (I )2 | a€™) [ )it | es | ) | ghit | g2 | @) | €)at | g | aei29) | g)y)
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Tracing the cavity field out lets us evaluate probabilities of correlated detections
for both atoms, Pe., Pey, Pye and Pyy. These depend on the frequency of the field
applied to the two Ramsey cavities R; and R, and on the time lapse between the
two atoms, 7. But it turns out that the following combination of the probabilities

_ Pee _ Pge
Pee + Peg  Pge + Pygq

n

is largely independent of the Ramsey (R; and Ry) pulse frequency. This quantity
is our measure of the cavity field coherence. It should be 1/2 for very short times
7 (it is actually less than this in Figure because of the same experimental
difficulties that reduce the expected contrast of Ramsey fringes) and we expect it
to decay exponentially with 7.

Why should the “cat” itself dephase? It dephases because it is, in turn, entangled
with the environment—for example its power source marked S in Figure

Two-Atom Correlation Signal

T

Figure 5.12: Two atom correlation signal 7 in function of 7/T,., where 7 is the delay
between the two atoms and 7, is the cavity photon lifetime of 160 us, from [9].

Figure 512l shows what happens for the two detunings of § = 27 x 170kHz (circles
and the dashed curve), and of § = 2 x 7T0kHz (triangles and the smooth curve),
with the cavity C filled by 3.3 photons on average. Circles and triangles correspond
to the measured data and the curves correspond to theoretical predictions.
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The field in the cavity indeed decoheres rapidly and on the time scale that is well
short of the photon lifetime 7, = 160 us. Furthermore, the field configuration that
corresponds to stronger entanglement and yields a larger phase shift ¢ (triangles
and the smooth line) decays faster.

The “cat” may remain longer in a superposition state if the two components of
the state do not differ sufficiently to see the difference. The more they do, the faster
the dephasing of the state.
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A controlled-NOT gate (CNOT for short) is a biqubit gate that makes quantum
computing possible. In combination with single qubit unitary gates, the controlled—
NOT gate is a universal gate of quantum computation, meaning that every unitary
operation on an n-qubit register can be implemented by combining controlled—NOT
and single qubit unitary gates. In this the gate is similar to a NAND gate known
from classical computing. Every Boolean and arithmetic operation on an n-bit
register can be implemented by a combination of NAND gates.

Although the definition of a controlle-NOT gate is strikingly simple, the gate is
very hard to construct. The previous chapter explains why: we have to perform
a controlled operation on a biqubit. This is hard. Biqubits are hard to make and
hard to control, while maintaing their biqubitness, that is, entanglement, and the
state’s purity at the same time.

This chapter will illustrate this point by discussing various implementations and
simple uses of a controlled-NOT gate.

But first things first. What is a controlled NOT gate?

It is a single qubit NOT gate that is controlled by another qubit.

Consider a biqubit | ¥)® | n). Let the first qubit, the one on the left, be the
control qubit and the one on the right the object qubit of the gate. We define the
gate by saying that when the control qubit is in the | 0) state, then the gate is
inactive. It leaves the object qubit as it is. But when the control qubit is in the
| 1) state, then the gate flips the object qubit:

(6.1)

It is convenient to replace the explicit tensor notation with the following decimal
labeling of the biqubit states

I
)

p—
= S =
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Using this representation we can rewrite equations (G.1]) in the decimal form

[0) — [0)
[ = |1
12) — [3)
13) — [2)

and this leads to the following matrix representation of the gate

CNOT =

oo o
SO = O
— o O o
o= OO

6.1 Physical Realization of The Controlled NOT Gate

6.1.1 An NMR Gate

6.1.2 An All-Optical Gate

6.1.3 A Calcium Ion Gate

6.2 Universality of The Controlled-NOT Gate

Chapter 6

(6.3)

(6.4)
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A. Quaternions and Pauli Matrices

A.1 Hamilton quaternions

g=a+bt+cj+dk

where
1t=735 =kk=-1

and

13k = —1
from which it follows that

ij=—ji=k

jk=—-kj=1

ki=—ik=73

Extraction of quaternion components:

a = R(q)
b Si(g) = —R(iq)
c S (9) = —R(3q)
d = Si(q)=-R(kq)
For
= a1+ ad"j 4+ a’k
b o= bUi+bj+0%k

the following holds
N AT NY N\ Z
ab:—c?~b+<c‘i><b) i+(axb) j+(5z><b> k

A.2 Pauli quaternions

g=a-+bo,+coy,+do,
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where
o, = i1
oy = ij
o, = ik
and
0,0, =0,0y=0,0,=1
and

0,040, =1

from which it follows that

0,0y = —0u0; =10,
oy0, = —0.,0,=10,
0.0, = —0,0,=10y

These can be encapsulated into

g0 = (Sij].—i-i E €ijkOk

k
Extraction of quaternion components:
a = R(q)
b Sz (q) = R(o2q)
¢ Sy (q) = R(oyq)
d = S.(q) =R(o.q)
For
= a'o,+ao,+a"0,
b = Vo, +bo,+b0,

the following holds

ab=a-b+i((axd) on+ (ixb) o+ (axb) o)



Quaternions and Pauli Matrices 283

A.3 Pauli matrices

g=al+bo,+coy,+do,

where

aw:<
=
o = (o )

and where o, o, and o, have all commutation properties identical with Pauli
quaternions. Pauli matrices are a representation of Pauli quaternions.
For all Pauli quaternions/matrices

2R = Tr
For
g=al+bo,+coy,+do,

1

@ = ST
1

b = §TI' (o'acq)
1

¢ = §Tr (oyq)
1

d = §Tr (0.q)

Canonical basis in the space of 2 X 2 matrices expressed in terms of Pauli matrices:

M, = <(1) 8)_;(1+oz)
M, = (8 é)zé(owrwy)
My = (V1 0)=5lenio)
Mo = (g )=50-0 (A1)
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B Bi-qubit Probability Matrices

S14®<1B

CxA ®§1B

S14 ®§mB

CyA®GIB

S1AQ®Syp

S:A®G1B

S1 = ey +e +extes
Sz = €2

Sy = €3

Sz = €y—e€;

(€oa+e€14+e24+e34)®(e0p+eip+eptesp)

1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
e, ®(egp+eip+eap+esp)
0 0 0 O
0 0 0 O
1 1 1 1
0 0 0 O
(60A+61A+62A+63A)®62B
0 0 1 0
0 0 1 0
0 0 1 0
0 0 1 0
€34 @ (eop +e1p+exp+esp)
0 0 0 O
0 0 0 O
0 0 0 O
1 1 1 1
(eoa +€14+exy+e34)Resp
0 0 0 1
0 0 0 1
0 0 0 1
0 0 0 1
(€0a —e14) ® (eop + €15+ €25 +€35)
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(e0a +€14+exq+e3s)®(eop—e1p)

S1A®SzB

o O OO

S o oo

— o~ o~

— o o



C Tensor Products of Pauli Matrices

S = O~

ST N H O~ O

(C.1)

e —

— O —
~ ——~N O O O
® 01010010
T N o =o

S o — O O

SN—"~—

T — o —~Hooco
N———

I Il Il

L

®

L

—
N
@
Nl
—
N N
— O — O
T NO A O
— O NN
— o
o - /
N— N T O OO
® 10100100
\I/Olo_l
— O OO —H O
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o — o —- OO0 O
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Il 1l Il
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o
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8]
3]

(C.3)

o,R0,
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